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Preface to “Phase Change Materials: Design and
Applications”

In recent years, science and technology have revolutionized our way of life, improving
well-being and comfort for all mankind. The discovery of new materials with unique features
at macro- and nano-scales has played a significant part in this advancement. The possibility of
producing materials able to perform different functions and of responding to external stimuli will
undoubtedly be an extremely important research area in the near future.

There is increasingly intensive research on the development of energy storage technologies due
to the increased energy needs of contemporary societies. Global energy consumption, together with
greenhouse gasses and CO, emissions, is increasing at a very fast pace due to rapid global economic
growth, global population growth and the human dependence on energy-consuming appliances. This
increment in global energy consumption has specific environmental implications that pose serious
challenges to the environment and human health. Moreover, increased global energy consumption
results in the reduction in the availability of traditional energy resources, such as coal, oil and natural
gas. Therefore, there is an urgent need for the development of new systems based on the conversion
and storage of sustainable and clean energy.

An effective way to increase energy systems’ efficiency is through the use of latent heat thermal
energy storage because of its high energy density in comparison to sensible heat storage systems.
Phase change materials (PCMs) are one of the key components for the development of advanced
sustainable solutions in renewable energy and engineering systems. PCMs are able to either store or
release large amounts of energy, while their temperature is changed slightly or kept constant. PCMs
have the ability to accumulate and store lots of energy. The high storage potential of PCMs can be
realized when their phase is changed.

In order to update the field of renewable energy and engineering systems with the use of PCMs,
a Special Issue entitled “Phase Change Materials: Design and Applications” is introduced. This
book gathers and reviews the ten contributions (nine articles and one review), with authors from
Europe, Asia and America, accepted for publication in the aforementioned Special Issue of Applied
Sciences. This book aims to attract all researchers working in this research field, and collects new
findings and recent advances in the development, synthesis, structure—activity relationships, and

future applications of PCMs.

Ioannis Kartsonakis
Editor

ix
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1. Introduction

In recent years, science and technology have revolutionized our way of life, improving
well-being and comfort for all mankind. The discovery of new materials with unique
features at macro- and nano-scales has played a significant part in this advancement. The
possibility of producing materials able to perform different functions and of responding
to external stimuli will undoubtedly be an extremely important research area for the
foreseeable future.

There is increasingly intensive research for energy storage technologies development
due to the enhanced energy needs of the contemporary societies. Global energy consump-
tion, together with greenhouse gasses and CO; emissions, is increasing at a very fast pace
due to rapid global economic growth, global population growth, and the human depen-
dence on energy-consuming appliances. This increment in global energy consumption has
specific environmental implications that pose serious challenges to the environment and
human health. Moreover, the enhanced global energy consumption results in the reduction
in the availability of traditional energy resources, such as coal, oil, and natural gas. There-
fore, there is an urgent need for new systems development based on the conversion and
storage of sustainable and clean energy.

An effective way for the energy systems efficiency increment is the use of latent heat
thermal energy storage because of its high energy density in comparison to sensible heat
storage systems. Phase change materials (PCMs) are one of the key components for the
development of advanced sustainable solutions in renewable energy and engineering
systems. PCMs enable either the storage or release of large amounts of energy, while their
temperature is slightly changed or kept constant. PCMs have the ability to accumulate and
store lots of energy. The activation of this high storage potential of PCMs is accomplished
when their phase is changed.

In order to update the field of renewable energy and engineering systems with the
use of PCMs, a Special Issue entitled “Phase Change Materials: Design and Applications”
has been introduced. This editorial manuscript gathers and reviews the collection of ten
contributions (nine articles and one review), with authors from Europe, Asia, and America
accepted for publication in the aforementioned Special Issue of Applied Sciences.

2. Macro- and Micro-Encapsulated PCMs

The encapsulated PCMs consist of the core material, i.e., the PCM, and an organic
or inorganic shell material. Depending on their size, PCMs can be characterized as nano-
encapsulated when their size is less than 1 pm, micro-encapsulated when their size is
between 1 and 1000 pm, and macro-encapsulated when their size is bigger than 1000 um.
Four articles have been published in this Special Issue related to the synthesis and charac-
terization of macro- and micro-encapsulated PCMs. The micro-encapsulation of sodium
nitrate (NaNOj3) in zinc oxide shells as PCM for high temperature latent heat storage
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was investigated by Neagoe et al. [1]. The aim of their work was to evaluate the poten-
tial of NaNOj3-ZnO microcapsules with respect to thermal energy storage applications
together with cost reduction related to metal corrosion in installations and storage tanks.
Charge/self-discharge experiments revealed that the NaNOj; content of the microcapsules
influences the amount of thermal energy stored in the corresponding interval. Moreover, it
was proved that prototype-scale thermal energy storage in microcapsules can be predicted
from laboratory measurements on small material samples.

In the study of Borreguero et al. [2] micro-encapsulated PCMs were fabricated based
on a core of paraffin Rubitherm® RT27 and a shell that consists of ethyl-vinyl acetate
and low density polyethylene. The goal of this work was the production of polyurethane
elastomeric materials demonstrating thermoregulating properties due to the incorporation
of the aforementioned micro-encapsulated PCMs. The obtained results revealed that the
mechanical properties and the density of the synthesized elastomeric materials together
with the thermal synergy effects were related to the wt% content of the micro-encapsulated
PCMs in order improved structural stability and enhanced latent heat to be demonstrated.

In the work of Gschwander et al. [3] the storage capacities of PCMs emulsions based
on even- and odd-numbered paraffins with different purities are investigated, taking into
account the corresponding supercooling effect and phase transition behavior. The obtained
results revealed that the nucleation agent and the emulsified PCM influence both the
storage and supercooling factors of the PCM emulsions. It was observed that the PCM s
hydrocarbon chain and the purity of the materials affected the degree of supercooling.

3. Design and Applications

The design of the energy storage material encapsulation is one of the most important
parameters that critically influence the heat transfer in charging and discharging procedures
of the storage system. The study of Vérez et al. [4] examined the effect of the design of the
PCM macro-encapsulation on the thermal behavior of a latent heat thermal energy storage
systems during both the charging and discharging processes. The obtained results revealed
that the design of the thermal energy unit should be performed and analyzed based on the
requirements of the application due to the fact that the macro-encapsulation design has a
relevant impact on the heat transfer.

Ohmura and his team [5] conducted experiments on the investigation of hydrate heat
storage systems. An evaluation of the kinetic characteristics of thermal energy storage using
tetrabutylammonium acrylate hydrate as PCMs was performed. It was found that either
mechanical agitation or ultrasonic vibration improved the thermal energy storage kinetic
characteristics because of the detachment of the hydrate adhesion on the heat exchanger,
which could be a thermal resistance between the thermal energy storage medium and
heat exchanger.

The work of Karantonis and his team [6] reports the methodology that applied the
estimation of thermodynamic and kinetic information to the interaction of lytic polysaccha-
ride monooxygenases enzymes using a filamentous fungus. This class of enzymes boost
the release of oxidized products from the biomass plant. Taking into account that these
enzymes are redox, their exploitation was conducted through their immobilization on
electrode surfaces and investigating the parameter standard electron transfer rate constant
(ko) between the immobilized electrode and the enzyme. The obtained results revealed
that it is feasible for the system to be rendered reversible and consequently to be used for
bio-electrocatalytic purposes.

Additionally, Abdi and coworkers [7] numerically examined the thermal improvement
of a latent thermal energy storage (LTES) component, including mini-channels as dry air
passages. The thermal performance of the LTES in charging and discharging processes with
ranging flow rates and a varying number of channels was estimated. The results revealed
that the LTES-phase change power is enhanced by increasing the number of channels. On
the other hand, a decrease in the storage capacity was observed. Moreover, it was noticed
that at a constant air flow rate there is an increment of the mean heat transfer rate because of



Appl. Sci. 2022, 12,7770

the influence of the heat transfer coefficient due to the increase in the heat transfer surface
area of the increased number of channels.

A very interesting concept developed by Luna and his team [8] based on the examina-
tion of sugar alcohols as PCMs. The effect of thermal treatment on sugar alcohol erythritol
thermal, chemical, and physical properties was assessed. Moreover, experiments with ery-
thritol and its mixtures with antioxidants were performed in order to enhance its thermal
stability. It was found that in the presence of air, mixtures of erythritol with antioxidant
had a lower degradation rate in comparison with pure erythritol.

In another study, Nicolalde et al. [9] reported that the use of a PCM layer of 20 mm
can improve the thermal comfort in the vehicle, reducing the need to use the heater or the
air conditioner. It was found that the PCM reduced the temperature of the air by 9 °C when
heating and by 4 °C when the temperature dropped.

Finally, in the review paper of Kartsonakis et al. [10], the principles of latent heat
thermal energy storage systems with PCMs are discussed. This paper presents the research
status of the materials that can be used as PCMs, together with the most effective methods
for improving their thermal performance. Moreover, several passive applications in the
building sector are highlighted. Finally, special attention is given to the encapsulated PCMs
that consist of the core material, which is the PCM, and the shell material, which can be
either organic or inorganic, and their utilization inside constructional materials.

4. Future Strategies

Although the Special Issue has been closed, more in-depth research in the field of the
synthesis of PCMs and the design of corresponding components as well as their application
is expected. It can be anticipated that more effective and eco-friendly applications will be
demanded in large numbers in the future for the utilization of thermal energy storage. In
this case, suitable strategies should be ready for consolidation and utilization.

Funding: This research received no external funding.
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Featured Application: Microencapsulation of alkali metal nitrates for latent heat storage in concen-
trated solar power plants has the potential to reduce salt corrosion in storage tanks and installations.

Abstract: Microencapsulation of sodium nitrate (NaNO3) as phase change material for high temper-
ature thermal energy storage aims to reduce costs related to metal corrosion in storage tanks. The
goal of this work was to test in a prototype thermal energy storage tank (16.7 L internal volume) the
thermal properties of NaNOj3 microencapsulated in zinc oxide shells, and estimate the potential of
NaNO3;-ZnO microcapsules for thermal storage applications. A fast and scalable microencapsulation
procedure was developed, a flow calorimetry method was adapted, and a template document created
to perform tank thermal transfer simulation by the finite element method (FEM) was set in Microsoft
Excel. Differential scanning calorimetry (DSC) and transient plane source (TPS) methods were used
to measure, in small samples, the temperature dependency of melting/solidification heat, specific
heat, and thermal conductivity of the NaNO3-ZnO microcapsules. Scanning electron microscopy
(SEM) and chemical analysis demonstrated the stability of microcapsules over multiple tank charge—
discharge cycles. The energy stored as latent heat is available for a temperature interval from 303 to
285 °C, corresponding to onset-offset for NaNOj solidification. Charge-self-discharge experiments
on the pilot tank showed that the amount of thermal energy stored in this interval largely corresponds
to the NaNOj3 content of the microcapsules; the high temperature energy density of microcapsules is
estimated in the range from 145 to 179 MJ/m3. Comparison between real tank experiments and FEM
simulations demonstrated that DSC and TPS laboratory measurements on microcapsule thermal
properties may reliably be used to design applications for thermal energy storage.

Keywords: phase change materials; sodium nitrate; thermal conductivity; microencapsulation; latent
heat; thermal energy storage

1. Introduction

Thermal energy storage is important for the development of industrial and domes-
tic applications that optimize energy production and use. Efficiency of thermal energy
storage systems depends, among other factors, on the properties of the storage material
to accumulate and release energy by either changing its temperature, in sensitive heat
storage, or undergoing a phase transition, in latent heat storage (for a review, see Sarbu and
Sebarchievici, 2018) [1]. Storing energy as latent heat may provide a large amount of energy
at almost constant temperature, an important feature in some technical applications that
require close control over temperature, and may be a robust and inexpensive alternative to
temperature control automation by electronic devices.

Selection of a material suitable for latent heat energy storage (see Podara et al., 2021) [2]
considers multiple criteria such as temperature for phase change, latent heat, thermal
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stability of the material, containment, and cost (Hussam et al., 2020) [3]. Sodium and
potassium nitrate salts as phase change materials (PCM) cover the range of relatively high
temperatures of interest (300-400 °C) for concentrated solar plants (CSP). Sodium nitrate
undergoes a solid-liquid phase change transition at 307 °C (Xu et al., 2018) [4], whereas
potassium nitrate melts at higher temperature, 336 °C (Mohammad 2017; D’Aguanno et al.,
2018) [5,6]. The latent heats of solid-liquid transition in sodium and potassium nitrate
salts are 5.9 and 11.8 times, respectively, smaller than the latent heat for LiF solidification
(1.04 MJ /kg at 849 °C). The tradeoff between energy storage capacity and the melting
temperature of the material may consider that (a) higher or lower temperatures may not
be technically suited for a specific application, (b) temperature increase is associated with
accelerated corrosion of containers and pipes, and (c) the heat loss rate from the storage
container depends directly on the temperature gradient across the container shell.

For sodium nitrate PCM, limitations of tank charge-discharge rates are related to
the low thermal conductivity of the storage material (Bellan et al., 2015) [7]. Micro and
macroencapsulation may increase the thermal conductivity of the storage material if a
highly conductive shell material is used (Huang et al., 2019; Caceres et al., 2017) [8,9].
Similarly, composite materials are explored, where a matrix of chemically stable, thermally
conductive material mitigates the problem of a highly corrosive and low conductive
inorganic salt (or salt mixture) used to store the thermal energy (Courbon et al., 2020;
Podara et al., 2021) [2,10].

The thermal properties of the storage material may be combined with appropriate
design of the storage tank using in silico experiments of computational fluid dynamics
(CFD) (Al-abidi et al., 2013) [11]. The finite element method (FEM) with common software
packages (Comsol Multiphysics) was used to compare various inorganic salt PCMs and
different suitable PCM-encapsulation materials to render economically viable solutions
that would meet the requirements of thermal energy storage (TES) for CSP (Caceres et al.,
2017) [9].

Micro and nanoencapsulation has been frequently reported for low temperature
regime PCMs, mainly using organic polymers as shell materials. For high temperature
applications (e.g., CSP), manufacturing micrometer-scale shells that are stable over many
PCM melting-solidification cycles is challenging for at least two reasons: (a) coatings made
by the versatile organic polymer technology do not withstand high temperatures; and (b)
water-based chemistry to prepare shells may dissolve the PCM core, which is typically
an inorganic salt/salt mixture [12]. SiO; coating of micrometer-size alkaline nitrate cores
was recently demonstrated by several groups (Zhang et al., 2018; Romero-Sanchez et al.,
2018; Lee and Jo, 2020) [12-14]. A method for microencapsulation of nitrate salts in zinc
oxide shells was developed within a project funded by the National Authority for Scientific
Research in Romania (project acronym ENERHIGH), as described in our previous papers
(Romero-Sanchez et al., 2019; Tudor et al., 2018) [15,16]. Briefly, in that work, KNO3-ZnO
microcapsules were prepared from raw materials (zinc nitrate tetrahydrate and potassium
nitrate) by the solvothermal method. Spherical morphology of the ZnO-covered KNOj3
microparticles was observed after spray drying, with particle sizes of only a few microns.

The aim of this work is to evaluate the capacity of NaNO3—ZnO microcapsules to
store thermal energy and the possibility to retrieve it at high temperatures. To improve
the scalability of microcapsule fabrication, a novel protocol for microencapsulation was
elaborated and tested, consisting in direct ZnO coating of NaNOj particles using com-
mercially available NaNOj grains (relatively large, up to 0.5 mm size) and ZnO powder
(0.1 to 2 um particles) as raw materials. Up to 22.1 kg of NaNO3-ZnO microcapsules were
thus prepared. Results from experiments in a 16.7 L cylinder-shaped prototype tank are
presented, which show that microcapsules store significant amounts of thermal energy in
solid-liquid NaNOj transitions. To facilitate further development of novel PCM materials
for energy storage, a platform for combined in silico prototype-scale investigation was
built. For a simplified tank FEM model, thermal transfer is presented in simulations of
tank discharge and compared with real temperature data from prototype tank experiments
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on microcapsules. The goal is to understand and predict material performance in thermal
storage applications, starting from material characterization by laboratory methods.

2. Materials and Methods

Chemicals. Analytical grade reagents were used in all experiments. Sodium nitrate
was purchased from Roth, Germany. Zinc oxide was provided by Chimreactiv, Romania.

Microcapsules. NaNOj3 was encapsulated in ZnO shells at 4:1 mass ratio, using a
simplified protocol derived from our previous work (Tudor et al., 2018) [16]. Basically,
commercially available NaNOj powder grains, ZnO, and ethanol were mixed and stirred
to achieve homogenous dispersion of components. The mixture was then subjected to a
thermal treatment for 1 h at 200 °C in atmospheric air. Microcapsules were characterized
by scanning electron microscopy and energy dispersive X-ray spectroscopy to determine
their structure and demonstrate encapsulation.

Chemical analysis of the thermal energy storage material was determined by flame
atomic absorption spectrometry (ISO 11047:1999) for Na and Zn and wet chemistry (ISO
5664: 2001) for NO3;~. Samples were taken from the tank at 14 different positions in the
storage material.

Scanning Electron Microscopy (SEM) and Energy Dispersive X-ray Spectroscopy
(EDS) were performed on microcapsules using an SEM-EDS Quanta 250 scanning electron
microscope (FEI Company, Eindhoven, The Netherlands) equipped with the Element
Silicon Drift Detector Fixed and Element EDS Analysis Software Suite APEX™ 1.0, EDAX,
Mahwah, NJ, USA. Thus, by EDS, the atomic composition of a selected spot was determined.
In the report from the instrument, the abbreviations C K, O K, ZnL, NK, NaK, and AIK
are used to indicate that the data are based on detection of energies for specific orbital
transitions, corresponding to elements: C, O, Zn, N, Na, and Al, respectively. The elemental
composition of each spot is reported as relative weight (%), atom concentration (%), or the
net intensity (a.u.) of the respective element-specific peak. For microcapsules, the carbon
% reported in analysis is background from the sample immobilization device, and was
subtracted from further calculations.

Thermal analysis. Thermal conductivity and thermal diffusivity /specific volumetric
heat determinations were made by the transient plane source method (TPS-2200 from
Hot Disk, Sweden, model 5082 mica sensor). In laboratory determinations, microcapsule
powder was poured to fill a 200 mL stainless steel beaker, the sensor was embedded in
the middle, the assembly was placed in the empty (air-filled) storage tank, then exposed
to multiple temperature cycles in the 25 to 350 °C temperature interval. The thermal
conductivity and specific volumetric heat curves were recorded only after the second cycle
of microcapsule melting—solidification, when the microcapsule material was a compact
porous material block; thus, the thermal parameters are representative for the material
formed after multiple energy storage cycles. Temperature monitoring was achieved by tank
thermocouples and corrected to report in-place temperatures using calibrated readings for
the sensor resistivity.

Differential Scanning Calorimetry (DSC) was performed using two instruments: SET-
SYS Evolution from Setaram and DSC F3 Maia from Netzsch, Germany. Microgram
amounts of NaNOj3 and microcapsules were heated—cooled in cycles to determine melting
and crystallization temperatures and enthalpies.

Prototype tank. The thermal storage tank is a right circular cylinder (referred to as the
tank cylinder), 0.55 m length, 0.2 m diameter, made of 2 mm-thick stainless steel (SS 316),
accommodating temperature sensors in inbuilt sheaths protruding transversally up to the
longitudinal axis. A thermal conductivity sensor is located in a holder at the center-bottom
of the tank. The cylinder is wrapped in 0.2 m thick Ravaber mineral foam insulation.
A stainless-steel envelope covers the insulation to a final cylinder length of 0.95 m and
diameter of 0.6 m. Material loading gates (three 20 mm diameter holes) are placed at the top
of the storage tank and accessible from outside by cap closed tubes that span the thermal
insulation. The heat exchanger is made of a SS 316 tube (12 mm outer diameter, 10 mm
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inner diameter, 5.04 m length), shaped as a helical-coil wrapped around the longitudinal
axis in 15 loops (120 mm diameter). Mineral oil is used as a heat transfer fluid (HTF) at a
temperature that is maintained by an external recirculating pump with heating/cooling
capability. Temperatures were continuously monitored (digital recording) by eight type J
thermocouples (T1-T8) placed as indicated in Figure 1. For the 50 to 400 °C measurement
interval, the thermocouples were linearly calibrated to work within a £1.5 °C reading error.
T3, T4, and T5 measured temperatures inside the tank, at the central longitudinal axis,
and they protruded to their measurement spot through tank-fixed one-end-closed tubular
sheets (5 mm outer diameter, 3 mm inner diameter, 0.5 m long). The relative positions of
the protruding thermocouple sheets and heating coil loops were designed to maximize
the separation space and avoid contact. Temperatures were monitored across the energy
storage material for two sections that are transversal to the tank cylinder, by placing T1
and T2 directly on the outer surface of the tank cylinder, at the same longitudinal positions
as their corresponding T4-T3 (respectively) pair. T7 and T8 were in direct contact with the
heating coil at the tank-envelope entry and exit points. The installation is pictured in a
previous publication (Tudor et al., 2019) [17].
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T3 T4 T5
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microcapsules
[ A X N N NN NNERNH/]

insulation
1K T6 T8
= heat exchanger pipe

Figure 1. Schematic drawing of the prototype tank (median longitudinal section—viewed from
the top): light blue—microcapsules, green—T1 to T8 thermocouples, yellow—insulation, red—heat
exchanger. T6 is the room temperature thermocouple.

Tank heating—cooling cycles. Precise amounts of microcapsules were successively
loaded into the storage tank (as powder) to total 15.75, 19.232, and 22.067 kg. After each
load, the tank was subjected to several charge-self-discharge cycles. A cycle consists of
a heating phase, when HTF (360-375 °C) circulates inside the heat exchanger until T1 to
T5 readings are all above the melting temperature of sodium nitrate, then it follows the
self-discharging phase when the HTF pump is off and the tank is left to cool by itself
downward to room temperature.

Adapted calorimetric method. To assess the amount of thermal energy available as
latent heat in the storage tank, a heat flow calorimetry method was developed. It is based
on temperature monitoring in key points inside and outside the tank, thus estimating the
heat loss through the thermal insulation of the tank.

The method considers a quasi-static approximation to Fourier’s law:

Q/ dt = _KATin—out/

with dt as the time interval for measurements, short enough to approximate a constant
ATip-out- The approximation is intended to simplify the calculation, as it was determined
that the use of differential form to account for ATj, oyt changes does not significantly
improve the precision for a narrow temperature interval around 300 °C. In the tank setup,
at the time-point t, ATjy oyt = tT1 — tT6, where tT1 and tT6 are the temperatures indicated
by T1 and T6, respectively.
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For two different material loads of the tank with masses m; and my, it may be written:

le /dtl

QmZ/ dtZ

where K is a proportionality coefficient for heat transfer from the storage tank to the
environment. A third equation considers the caloric capacities of the tank components for
the two loading m; and my, resulting in:

-K ATin—ou’t (1)

-K ATin—ou’t (2)

Qm2-Qm1= (m2 — my) ¢p dT 3)

where dT is a small temperature change that occurred in dt;, the same that occurred in
dt, (temperature decay in experimental T1, immediately after the 8-9 h plateau interval—
characteristic for latent storage); and ¢, is the specific heat of the storage material (mi-
crocapsules), determined by DSC just below the solidification offset temperature. For
tank calculations, dT is monitored from the T1 curve; the difference between T1 and T2
affects ATjn-out estimation less than 8% in the relevant temperature interval. In the tank
experiments, a T1 curve just below solidification (point indicated by the offset temperature
in T4) is almost a straight line, therefore the dt (respectively, dT) can be quite large without
affecting the integration of heat flows to Qp1 and Qp,, heats for Equation (3).

Thermal analysis using transient nonlinear FEM.

Model and implementation. The tank model was implemented in Microsoft Excel spread-
sheets, with the FEM simulation step progressing on the columns of a simulation table.
Visual representation (time course, temperature dependency, etc.) of input parameters
and output results was available in charts. To estimate the heat transfer, the tank was
modeled as a cylinder, then FEM was applied for 10 concentrical layers (cells), imposing
T1 boundary conditions from the experimental dataset. Only conductive transfer was
taken into consideration, as suggested by Guo and Zhang (2008) [18] for sodium nitrate.
Heat transfer during PCM solidification was calculated by the apparent capacity method,
derived from the enthalpy method (Kousksou et al., 2012; Khattari et al., 2020) [19,20].
Thus, microparticle heat transfer during solidification was modeled based on conversion
of the solidification heat into specific heat. Thermal conductivity and specific heats were
then approximated on specific intervals by polynomial functions on temperature to best fit
the experimental data. For a narrow T4 interval at the onset of solidification, a constant
thermal conductivity value, 2 x higher than measured, was in place for T4 simulations, as
it was the single major contributor to simulation-measurement overlap on that interval,
probably due to some convective heat transfer by microcapsule deformation in the tank.

Simulations start from the presumed steady-state equilibrium reached at the end of the
charging phase. Thus, inside the tank, the radial symmetric temperature distribution was
set to range linearly from maximal temperature (T4) to the lowest temperature (T1). After
few cycles of initial calculation, the temperature differences between consecutive cycles
converged in each calculation point, therefore reaching a more realistic radial temperature
distribution than initially assumed. This calculated quasi-steady state was attained with
time-space resolution of the FEM mesh (time step 0.25 s and layer thickness 10-2 m) that
ensured agreement with the second principle of thermodynamics.

Model limitations and corrections.

Symmetry assumptions. The radial symmetry of the tank is broken on partial tank
filling because of the flat horizontal lining at the top of the storage material. In our
model, this affects the cross-layer transfer in the material, introducing parallel heat transfer
(microcapsule-air in parallel with microcapsule-microcapsule) for a same FEM layer. To
overcome this without increasing FEM mesh complexity, for adjacent layers we calculated
the effective transfer area (representing only the layers contact within the microcapsule-
material block), and use it to express the exchanged heat. Thus, radial heat transfer between
consecutive layers occurred on local temperature difference and effective transfer area.
Transversal heat transfer occurred for each layer across the insulation, also considering
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the effective transfer area and T2-T6 temperature gradient (same for all layers, which is
justified by a conductive steel plate that contacted all layers at the side-end). Symmetry
across a vertical transversal plane intersecting the tank center was assumed. At each
simulation step, the transferred thermal energy was assigned to respective layers, and then
a new set of temperatures was calculated.

Experimental temperature readings were shifted from real values by thermocouple
shielding. This occurred in the one-end-closed sheath tubes (T3, T4, T5) used to protrude
with thermocouples at deep places inside the storage material. Therefore, with the tank
empty, we performed a verification experiment for thermocouple readings calibration. A
thermocouple was placed at T3 through the protruding tube and another thermocouple, in
the same spot, from the inside the tank. The sheath of T3 separated the two thermocouples.
The tank was then heated and T3 inside—outside values were recorded. A lag in T3 outside
readings was observed. Temperatures were not corrected, as the value is change-rate
dependent; instead this temperature difference was acknowledged in the calculations (by
the adapted calorimetric method) for the stored energy, and reported distinctively for
maximally corrected and uncorrected readings.

Input and output data for simulation: A cycle of FEM simulation consisted in complete
calculation of the cell array. For each cell, the cycle output was (a) the amount of energy
transferred between the respective cell and the surrounding cells, (b) the end-cycle temper-
ature, and (c) the mass ratio between melt/solid PCM in a cell. Microcapsule experiments
(Hot Disk and DSC) provided the thermal conductivity, specific heat, and heat of fusion of
the storage material at various temperatures. In FEM, feed-in data for those temperature-
dependent thermal parameters were generated by polynomial interpolation (up to grade
6) on multiple segments in the 30 to 380 °C interval. The heat of fusion was expressed as
apparent specific heat, to account for the temperature - dependent heat-flow profile in the
narrow temperature interval from solidification onset to solidification offset. Simulated T4
temperature evolution was compared with the corresponding experimental values.

3. Results
3.1. Microencapsulation of NaNQOj Is Persistent in the Storage Tank, over Multiple Thermal Cycles

Our simplified protocol for NaNO3 microencapsulation produced microcapsules
100 to 300 microns in diameter. The microcapsule shell is made of ZnO particles arranged
in a nonuniform layer ranging from a few nanometers up to 3 microns thickness. Based
on relevant SEM samples, a gross estimation of the whole population of microparticles
suggests a majority of well-coated and thermally stable microparticles, with some prone
to collapse from thermal cycles. To test their collective thermal stability, the NaNO3—
ZnO microcapsules were loaded in the storage tank and exposed to multiple melting—-
solidification cycles.

Scanning electron microscopy (Figure 2) was employed to demonstrate that microen-
capsulation was effective and that it is lasting after charge—discharge cycles in the tank. Just
after preparation, the microcapsule material was a powder consisting of relatively large
(~300 um) grains. Some of the grains presented a nonuniform gray surface, with light and
dark spots (Figure 2A). Figure 2D confirmed that light gray areas are ZnO particles encapsu-
lating NaNOj grains (dark gray). The correlation was established by EDS (Figure 2C) and
grayscale analysis on the small surface spots was pictured in Figure 2E. Thus, elemental
concentration (%) of each spot was plotted against the spot intensity on the digital image
(grayscale: 0 to 255). On microcapsules that are similar to the microcapsule in the center of
Figure 2A, due to the interruptions in the ZnO cover layer, the thickness of the layer can
be estimated at the edges of the 2D grain shape. Figure 2B shows the microcapsule-based
material after multiple thermal storage cycles in the tank. It compacted into a porous block
with microcapsules (smaller than 100 pm) that are often distinctly arising and are bonded
by interstitial NaNOj3. Whereas before storage cycles some microcapsules were nonuni-
formly covered with ZnO particles, with areas of exposed NaNOj core, partially covered
microcapsules are absent from material samples after repeated melting—solidification.
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Figure 2. SEM micrograph of NaNO3;-ZnO microcapsule before (A) and after repeated melting—
solidification cycles (B). EDS analysis (C) of 4 spots in a same picture (E), confirming (D) that light
grey spots contain Zn and do not contain Na or N.

The chemical composition was analyzed on small samples taken from 14 spots at
various depths (0 to 45 mm from the front section surface) and radial positions within the
storage material. The NaNO3-ZnO mass ratio diminished in most of the spots from an
initial value 4:1 to 3.4:1 (£0.14 standard deviation). Table 1 groups in three intervals the
NaNOj3:ZnO mass ratio detected in the 14 spots. Most of the microcapsule samples had
a mass ratio around 4:1, showing that the chemical composition was preserved locally.
For the spots outside the average range, a plausible explanation is that during the liquid
phase of the storage cycles, the NaNOj3 content of weakly formed microcapsules leaked in
the interstitial space and bonded at solidification with stable microcapsules, in a porous
material. The ZnO coating of the collapsing microcapsules redistributed to surroundings.
Gravitational stratification occurred, proven by composition analysis of six spots from
the upper side versus six spots from the lower side of the tank. Thus, average NaNO;—
ZnO mass ratios of 3.4 £ 0.1 at the upper half of the tank and 4.9 + 1.6 at the bottom
were obtained.
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Table 1. Analysis of microparticle composition stability by NaNO3-ZnO mass ratio after multiple
phase-change thermal cycles.

NaNOj3:ZnO (Mass Ratio) 3.4:1+ 41 4:1 = 8:1 above 60:1
Count (no. of spots) 9 3 2

3.2. Temperature-Dependent Thermal Properties of NaNO3—ZnO Microcapsules

Latent heats of NaNOj solid-liquid transitions were determined by DSC experi-
ments in microcapsules and pure salt (Figure 3). For microcapsules, the melting heat
was 102.564 kJ/kg and the solidification heat was 94.5 kJ/kg. In addition, the spe-
cific heat at 284.8 °C was 0.824 kJ/kg. Pure NaNOj required 124.5 kJ/kg for solidifi-
cation. For microcapsules, the temperature intervals for melting and solidification are
[tonset, toftset] = [303, 319] °C and [302.5, 285] °C, respectively (Figure 3A). This does not
significantly differ from pure salt, (Figure 3B—our data). Thus, in the DSC experiments
at 10 °C/min cooling rate, supercooling tends to be less pronounced in microcapsules,
and clearly reduced compared with similar experiments on pure NaNQO3, as reported by
Mohammad in his Ph.D. thesis, Table 7.2.2.1. [5]. The higher solidification heat (modulus)
reported there (167 k] /kg) for NaNOs is partly related to the fact that our measurements
were done for repeated melting—solidification cycles, with latent heat in the first-cycle
consistently higher than the rest; converging to the reported value). The onset and offset
temperatures (solidification) were used in simulations and in calorimetric calculations. In
FEM simulations, the normalized DSC curve profile and solidification latent heat were
principal determinants of the T4 temperature evolution, whereas calorimetric calculations
used onset and offset temperatures from DSC to precisely identify the interval for latent
heat contribution to the experimental T4 curve.
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Figure 3. (A) DSC heating - cooling curves for NaNO3-ZnO microcapsules. (B) Comparison of
DSC solidification curves (10 °C /min cooling rate) for pure NaNO3 (Mohammad [5] and own data)
and microcapsules.

Figure 4 presents the specific heat and the thermal conductivity of microcapsules in
comparison with pure NaNOj3 (own experiment and from Bauer et al., 2013 [21]). In the
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temperature interval from 303 to 285 °C the Hot Disk values are not shown (data from DSC
were used in calculations). In the temperature interval 30-270 °C, the thermal conductivity
of the microcapsules is around 0.3 W/m-K. At 280 °C, a minor decrease in thermal con-
ductivity was noticed, probably associated with phase transition for NaNOj crystalline
structure. Above 300 °C, a sudden increase in the thermal conductivity was measured,
correlating with PCM melting. The room temperature density of the microcapsule-based
storage material after several melting—solidification cycles was calculated, considering
the density decrease when increasing temperature, as reported for NaNOj [21]. A value
of 1.8 t/m3 was inferred and used for FEM simulations (at temperatures just below the
liquid—solid transition temperature).
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Figure 4. Thermal properties of NaNO3-ZnO microcapsules in comparison with pure NaNOj;. Hot
Disk determinations (own data) of volumetric specific heat (A) and thermal conductivity (C), in
comparison with other works. (B) Specific heat of pure sodium nitrate and of a composite mixture of
NaNOs: diatomite (same weight ratio as microcapsules). External data are from Bauer et al., 2013 [21]
and Xu et al., 2017 [4].
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3.3. Availability of High-Temperature Thermal Energy from Microcapsule Storage

In a typical charge-self-discharge experiment (Figure 5) the highest temperatures
are almost always recorded by T4, in the center of the tank, near the heating coil. T1 is
placed on the surface of the stainless-steel shell, on the same transversal section as T4, and
therefore used in conjunction with T4 to monitor the temperature in radial direction across
the storage material. The presumed left-right symmetry from the center of the tank is
consistent with T3 versus T5 readings.

375 -
350 =kt
4 —T2

temperature (°C)
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time (h)
Figure 5. T1 to T6 temperatures readings (positions in the prototype tank indicated in Figure 1)
during a heating—cooling cycle.

In Figure 6, plateaus of relatively constant T4 and T1 temperatures are noted shortly
after the beginning of the free-cooling phase of cycles. For T4, this corresponds to the liquid
to solid phase transition when latent energy is released from microparticle cores at rates
that dominate over sensitive heat. After PCM solidification phase, the temperature decay
in tank is controlled by two variables: the caloric capacity of the tank and the heat transfer
through tank insulation. For a narrow temperature interval, using linear fit slopes of T1
curves corresponding to 19.23 and 22.07 kg (taken near the PCM offset temperature), K
value was determined. Based on the T1 plateau, by extrapolating a constant K towards
t = 0 h, the heat transfer rate was calculated, thus estimating the latent PCM energy stored
in the tank.
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Figure 6. Cont.

14



Appl. Sci. 2021, 11, 6234

Temperature outside tank inner shell (T1)
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Figure 6. T4 (A) and T1 (B) temperature evolution during charge-self-discharge cycles of the
prototype tank, for progressively increased loads of storage material.

In the evaluation of the thermal energy storage capacity of the tank, two loads of
microcapsules were considered: 19.23 and 22.07 kg. T4 monitors the solidification in the
innermost spot of the tank, therefore informative for the end of the latent heat release
phase. At high temperature change rates, T4 readings are affected by nonequilibrium,
with measured temperature differences up to 15 °C for the interval of interest. Thus, to
protrude with the T3-T5 thermocouples at their deep spots into the storage material, the
tank has three thin tubes welded on the longitudinal side. The tubes are closed at the
protruding end and they prevent direct contact between thermocouples and microcapsules.
In an experiment to determine the magnitude of correction, another thermocouple was
inserted into the air-filled storage tank, with the tip measuring the temperature in the
same spot as T4, but from inside the tank. In the experiment presented in Figure 7, for
Treal = 275 °C, the Theasured is 260 °C - showing up to 15 °C temperature differences. This
is explained by nonequilibrium measurements for T3 - T5 during tank heating. Correction
of T4 on this basis is not straightforward, since at plateau temperature (in the solidification
phase) the temperature equilibrium between material and sensor is attained. Therefore, a
correction was not applied to thermocouple readings. Instead, in Figure 8, when reporting
the energy available as latent heat (by adapted calorimetric method) in tank discharge, a
15 °C uncertainty on T4 readings was explicitly acknowledged for the solidification offset
temperature, and the corresponding energy values given as a maximum estimate.
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Figure 7. The accuracy of T3-T5 thermocouple response to temperature dynamics inside the storage tank.
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Figure 8. Storage tank evaluation of the latent heat thermal energy storage in microcapsules by
adapted calorimetric method (ceased heat) and latent heat measurements at microscale.

Based on the latent heats, a summary is provided in Figure 8 for the estimates of the
energy stored as latent heat in the partially filled storage tank. Results are presented for
microcapsules in comparison with pure NaNOj3 at equal PCM content mass. Two tank
loads were considered: 19.23 and 22.07 kg of microcapsules, with a net NaNOj content of
15.38 and 17.65 kg, respectively. In the calorimetric method adapted, the phase-change-
stored thermal energy is the heat ceased by the tank in the temperature interval for so-
lidification, with T4 as the monitor. Solidification in microcapsules was considered for
uncorrected [285, 303] °C and maximally corrected [270, 303] °C temperature intervals. A
specific heat of 0.824 k] / kg resulted from DSC measurements and it was used to implement
Equation (3). The first two columns at each tank load represent the estimations of the stored
energy by this adapted calorimetric method. The ceased heat is compared with tank-level
calculations based on (a) microscale DSC measurements of the latent (solidification) heat
for microcapsules and NaNOj3, and (b) the reference (literature) latent heat (167 kJ /kg)
for NaNOs.

The columns labeled as mass * latent heat represent estimates of the tank-stored PCM
solidification energy, and are provided by the mass—latent heat product for microcapsules
(DSC) and pure NaNOj (our DSC and literature). The mass of pure NaNOjs corresponds to
the PCM content of microcapsules.

3.4. Tank Discharge Insight View by FEM Simulation

In our FEM model tank, for 19.23 and 23.06 kg microcapsules loads, the discharge
phase (of the experimental charge-self-discharge cycles) was simulated. T1 and T2 read-
ings from real experiments were the boundary temperatures for tank inner shell: T1 on
longitudinal and T2 on transversal margins. The thermal properties of the storage material
were kept identical for the two load conditions, with respect to their temperature depen-
dency. The thermal energy transferred at each simulation step was calculated, resulting in
the temperature evolution for each layer. T4 experimental readings were compared with
corresponding temperatures in simulations. Experimental T1 was imposed in simulations
as the temperature of the outer (tenth) layer to predict temperatures at each of the nine
inner concentric layers. T2-T6 was used for all layers as the temperature gradient on
the lateral side of the tank. In Figure 9, a good fit between experimental and simulated
T4 curves indicate that the model and parameters are accurate, thus validating thermal
conductivities, specific heats, and solidification heat data. The main parameter controlling
the overlap between simulated and experimental T4 in the plateau area was the latent heat
of liquid—solid transition. The specific heat of microcapsules provided the slope of the T4
curve below solidification offset temperature. At the beginning of the discharge phase, the
fast T4 decay could only be reproduced in simulations with thermal conductivity >200%
of the Hot Disk value. Various factors contribute to this unfitted section of the T4 decay,
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among which may be considered T4 thermocouple shielding and convective heat transfer
via gravitational leakage of low viscosity interstitial (nonencapsulated) PCM.
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Figure 9. FEM simulations of T4 (red segmented line) in the self-discharge experiment, compared with
experimental data (filled circles) for T1 (blue), T2 (gray), and T4 (yellow): (A) 19.23 kg microcapsules
load and (B): 22.07 kg load.

4. Discussion

PCM microencapsulation aims to enhance the properties of materials for thermal
energy storage and holds potential to provide effective solutions for applications in heating
systems (Huang 2019) [8]. Microencapsulation of NaNOj3 in ZnO shell for high temperature
thermal energy storage may reduce the investment cost of using high-grade stainless steel
(Fernandez et al., 2014) [22] to contain the highly corrosive salt (Tudor et al., 2018) [16].
In Tudor et al., 2018 [16], a solvothermal process was used to produce nanometer-thick
zinc oxide shells around potassium nitrate cores, obtaining microcapsules of few microns
size. In the present paper, preparation of larger size (100 to 300 um) microparticles is
reported, each encapsulated in a layer of ZnO nanoparticles. Due to changes in the
microencapsulation protocol (solvothermal synthesis was eliminated), the ZnO envelopes
reported here typically show highly variable thickness, ranging from few nanometers to
few microns.

Initially uneven, the shell ZnO layer of microcapsules seems to uniformly distribute
upon melting—solidification, and thus resists multiple charging—discharging cycles. In
this view of a potential for improvements in ZnO deposition, a 4:1 NaNO3 : ZnO mass
ratio may be lower than optimal, where optimization means that for complete covering
of the microparticle, the ratio should maximize the PCM mass on the expense of shell
thickness. Despite this suboptimal PCM:shell ratio, our novel simplified protocol for
microencapsulation may minimize the initial investments in specialized equipment for
manufacturing. The observed thermal stability of microcapsules reported here may be
explained by the fact that melting—solidification of PCM is able to select, after few cycles,
structurally stable microcapsules. With the leaking PCM, compaction of the storage material
at macroscale may occur, increasing the thermal energy density in storage cycles.

The temperature dependency for density, thermal conductivity, and specific heat of
pure NaNOs is available from multiple sources (Xu et al., 2018; D’Aguanno et al., 2018;
Bauer et al., 2017) [4,6,21]. Therefore, it was possible to compare our data (Figure 4B) in
the same graph with results reported by Xu et al., 2018 [4] for NaNOj and for a mixture of
diatomite: NaNOj3 at the same weight ratio as our NaNO3:ZnO (4:1).

From Figure 4A, which shows the volumetric specific heat, it is possible to calculate
the specific heat (gravimetric) of the material by considering the temperature dependency
of the material density. Since the density for the microcapsule-based material was not
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measured for high temperatures, a temperature variation similar to that described for
NaNOj; [21] was assumed. In the temperature interval from 50 to 284 °C, a value between
300 and 1020 J/kg-K resulted from the calculations of the specific heat of microcapsules;
particularly important at 284 °C, where the specific heat for microcapsules is 801 J/kg-K.
FEM simulations (Figure 9) validated 750 J/kg-K as the only value of the specific heat
that allows consistent overlap below the solidification Tyt With the experimental T4
slope (for both tank loads). For Equation (3) in the adapted calorimetric method, the
824 ] /kg-K value (measured by DSC) was used; this is near 801 J/kg-K value deduced
from volumetric specific heat, and close to the 750 J/kg-K value from FEM validation.
Thus, FEM simulations not only reproduce the experimental temperatures, but are useful
to estimate the accuracy of other methods (e.g., DSC and adapted calorimetric method) by
selecting, from multiple fitting (simulation) sessions, a specific set of values for the material
thermal parameters.

Multiple applications are designed to simulate thermal transfer (Al-abidi et al., 2013) [11].
While designing a standalone CFD application [17] capable of reproducing complex ge-
ometries, it was observed that a simplified cylinder model of the storage tank is sufficiently
informative and fast to produce end-simulation results. The FEM simulations require as
input the (a) tank geometry, (b) thermal properties of the storage material (from labora-
tory measurements), and (c) time course of temperature on the tank shell (monitored in
tank charge-discharge experiments). The simulation output is a time course for temper-
atures and thermal energy distribution in the virtual tank, confirmed by thermocouple
temperature monitoring in the center of the prototype storage tank.

The FEM model allows to evaluate to which degree accuracy is needed for thermal
property inputs (thermal conductivity and specific heat), and whereas polynomial fits
are good descriptors for experimental data. The unusual choice of Microsoft Excel for
the implementation of FEM simulations is based on the cylindrical symmetry and the
simplicity of the storage tank, allowing for massive reduction in the mesh size. The
validity of the simplification was tested by the convergence of the result, in each cell,
for an interval of time steps ranging from 0.1 to 0.5 s. Although in terms of computing
resources needed at a glance, Excel simulation approach is more demanding than an
equivalent runtime simulation application, it has the advantage of facilitating development
of features such as graphically augmented, transparent, and explicative input and output
data (Tomimura et al., 2009) [23].

The main question to which this study responded is if high temperature thermal energy
may effectively be recovered from storage in microcapsules. In a simplistic evaluation of
the tank-stored latent energy, the latent heat of microcapsules is multiplied by their mass,
providing a target value (maximal) for the potential of the tank. In real thermal storage
cycles, a PCM material is not uniformly exposed to energy transfer during tank charging;
melting of all available PCM mass depends on factors such as thermal conductivity of the
microcapsules, charging time, and temperature in the heat exchanger circuit. This is evident
in the charge—self-discharge cycle 3 (Figure 6), when a plateau temperature (quasi-steady
state) was not reached at charging time, therefore the high-temperature discharge phase
was shorter. Ideally, when charging is complete and all NaNOj3 content is liquid, most of
its latent heat is retrievable at temperatures that correspond to latent heat storage.

Figure 8 presents the high temperature energy that can be retrieved from NaNO;-
ZnO microcapsules, which corresponds to specific energy storage of 80.5 kJ/kg as the low
estimate and 99.5 kJ /kg as the high estimate. These values are comparable with specific
energies for other inorganic salt-based PCMs [24,25]. The corresponding energy density
range (1.45 x 105 to 1.79 x 105 kJ/m?), considering 1800 kg/m? for the microcapsule
material density (after melting—solidification cycles), is also as expected.

Noticeable differences of the NaNOj tank-stored energy exist (Figure 8) when calcula-
tions are based on literature data versus this work’s DSC measurements. This is explained
by a drop of the NaNOj latent heat after the first melting—cooling cycle, probably due to
partial nitrate decomposition (Bauer et. al 2013) [21].
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Estimations of the specific energy incorporate several sources of error: (a) the lag
in T3-T5 temperature readings presented in Figure 7, (b) small (unintended) variations
of experimental conditions in the tank setup (even small sudden changes in the ambient
light were spotted in temperature traces), and (c) the precision of the thermocouples
that were linearly calibrated for a large temperature interval. Instead of presenting data
means from multiple cycles (with error bars), the graphs in Figure 6 show temperature
evolutions for each cycle, which is more informative for tendencies that fall under statistical
thresholds. With four cycles on 19.23 kg load and three cycles on 22.07 kg load, data
show no pattern for temperature-trace variation between cycles of a same load, whereas
temperature traces corresponding to different loads are clustered. By reporting a range
for the estimated specific energy density of microcapsules (from Figure 8 data) instead of
a data mean and error bars, this work acknowledges limitations in the precision of the
adapted calorimetric method to measure the latent heat that is stored in the prototype
tank. Nevertheless, alternative methods such as heat flow balance focused on monitoring
the difference between T8 and T7 during active HTF pumping/extraction are seriously
affected by the thermocouple precision (+1.5 °C) and the possibility to monitor HTF flow
rate, while still dependent on estimation of heat flow through tank insulation.

The workflow for design research and development of a new solution for latent heat
energy storage was charted by Whiffen and Riffat (2013) in their Figure 5 [24]. It comprises
several parallel activities already reported for the ENERHIGH project [13,15-17], such as
selection of materials in the appropriate range, design, and development of the heat ex-
changer and construction of the prototype. Here, laboratory measurements of microcapsule
thermophysical properties and prototype experimentation converge to FEM simulation,
in a platform for integrated material design and testing, to be used for enhancement of
relevant properties and optimization of material use in product applications.

To better evidence the process and optimize charging/extraction for intermittent en-
ergy sources, FEM simulations with adequate geometry details can produce time-resolved
3D maps of heat transfer and the possibility to explore various real-use scenarios. Work is
in progress to design and implement a software application that enables FEM simulations
for complex geometries of the storage tank and spatial resolutions of only a few millimeters
(Tudor et al., 2019) [17]. Implementing methodological solutions from the current study;
a simulation application may be able to reproduce thermal transfers with higher fidelity
during melting-solidification. The nonlinear temperature dependencies of thermodynamic
parameters (thermal conductivity and apparent specific heat) may be obtained from labora-
tory determinations and used as input in FEM simulations to produce overlap with the
experimental temperature curves; the outcome is exemplified in Figure 9.

5. Conclusions

This work presents laboratory and prototype-scale characterization of an innovative
PCM for thermal energy storage: (i) thermal properties of NaNO3—-ZnO microcapsules;
(ii) a prototype tank demonstration of phase-change thermal energy storage; and (iii) a
methodological framework for design, scaled manufacturing, and prototype testing of
microencapsulated NaNOj. Methodological novelties are: (a) effective manufacturing of
microcapsules, (b) a method to measure the high temperature thermal energy stored in a
prototype tank, and (c) a software tool (as a document template) to analyze and predict
the dynamics of PCM energy storage during charge-discharge cycles of a cylindrical
storage tank.

In summary:

e  NaNO3-ZnO microcapsules were prepared by a simple and easy to scale protocol,
then characterized for structural and thermal properties;

o Charge-discharge experiments of the storage tank demonstrated the availability of
high-temperature thermal energy stored as latent heat in NaNO3-ZnO microcapsules;

e The temperature interval to access this energy in the pilot tank is 303 to 285 °C, as
predicted by DSC experiments at microscale;
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e By the adapted calorimetric method, we estimated that in-tank high temperature spe-
cific energy of microcapsules is in the range 80.5-99.5 k] /kg, in line with expectations
for inorganic salts;

e  Thermal transfer simulations using the Microsoft Excel template setup for transient
nonlinear FEM confirmed that prototype-scale thermal energy storage in microcap-
sules can be predicted from laboratory measurements on small material samples.

Future work may use the simulation—-prototyping platform to develop microencapsu-
lated phase change materials with enhanced thermal conductivity, ensuring optimal heat
transfer rates for specific applications.
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Abstract: Polyurethane (PU) is one of the principal polymers in the global plastic market thanks
to its versatility and continuous improvement. In this work, PU elastomeric materials having
thermoregulating properties through the incorporation of microcapsules (mSD-(LDPE-EVA-RT27))
from low-density polyethylene and vinyl acetate containing paraffin®RT27 as PCM were produced.
Elastomers were synthesized while varying the molar ratio [NCO]/[OH] between 1.05 and 1.1 and
the microcapsule (MC) content from 0.0 to 20.0 wt.%. The successful synthesis of the PUs was
confirmed by IR analyses. All the synthesized elastomers presented a structure formed by a net of
spherical microparticles and with a minimum particle size for those with 10 wt.% MC. The density
and tensile strength decreased with the MC content, probably due to worse distribution into the
matrix. Elastomer E-1.05 exhibited better structural and stability properties for MC contents up to
15 wt.%, whereas E-1.1, containing 20 wt.% MC, revealed mechanical and thermal synergy effects,
demonstrating good structural stability and the largest latent heat. Hence, elastomers having a large
latent heat (8.7 J/g) can be produced by using a molar ratio [NCO]/[OH] of 1.1 and containing
20 wt.% mSD-(LDPE-EVA-RT27).

Keywords: polyurethane elastomers; microencapsulated PCMs; thermal properties; mechanical properties

1. Introduction

Polyurethane (PU) stands out as one of the most demanded polymers, and an expo-
nential growth of its market is expected, which could reach USD 105.2 billion by 2025 [1].
This growth is based on the constant development of enhanced PUs by the improvement of
their properties for covering new applications. PU properties can be modified by varying
the amount and type of polyols and isocyanates and the rest of the additives employed in
their synthesis, which also allows for classifying them into two main groups: foams (flexi-
ble or rigid) and coatings, adhesives, sealants and elastomers (CASEs) [2]. Among PUs,
elastomers can be also classified as cast elastomers, thermoplastic polyurethane elastomers,
millable polyurethane gums and microcellular elastomers [3].

Thermoplastic polyurethane elastomers are one of the PUs with the fastest growth,
since they are extremely adaptable to a high number of applications such as sports footwear,
athletics tracks, auto body side molding, automotive lumbar supports and electronic
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products [3,4]. In most of these applications, the mechanical and thermal properties
are essential to achieve proper human comfort and electronic device performance and
durability. As for the rest of the PUs, the enhancement of the elastomers’ quality and
characteristics is related to the amount and type of their main constituents and additives [5].
The main constituents are polyester or polyether polyols (soft segments) and a diisocyanate
whose chain is extended with a low molecular weight diol (hard segment) [5].

Regarding the additives, there has been an increased tendency to synthesize and
characterize various clay-containing polymer nanocomposites (CPNs) for improved CASE
applications for the last 10-15 years [6,7]. By focusing on elastomer polymers improved
by additives, Mondal et al. [6] reported the employment of poly(ethylene-co-octene)-
poly(ethylene-co-vinyl acetate) as a hybrid polymer additive for poly(ethylene-co-octene)-
elastomers (POEs). The addition of only 0.5 wt.% of this additive into the POE improved
the tensile strength, modulus, elongation at break, stress relaxation and hysteresis with
respect to the virgin POE. Furthermore, they added organically modified montmorillonite
(OMt) to the POE (0.5-1.0 wt.%), resulting in a remarkable improvement in appearance
compared with the virgin POE.

The addition of cellulose nanocrystals (CNCs) into a styrene-butadiene rubber (SBR)
elastomer was assayed by Annamalai et al. [8], improving the tensile storage moduli (E').
Banerjee et al. studied the addition of CaSOy as filler into an epoxidized natural rubber
(ENR) matrix, observing a significant improvement in the mechanical properties, reaching
a 100% increase in the dynamic modulus and the thermal stability.

Han et al. [9] introduced a novel reactive rubber composite made by compounding
magnesium oxide (MgO) powder with hydrogenated nitrile butadiene rubber (HNBR) using
different MgO concentrations of 0, 14, 28 and 40% v/v. The elastic modulus value tripled,
reaching 80 MPa, while doubling in volume for the rubber filled with 40% MgO by volume.

Regarding the thermal properties, the enrichment of the thermoregulating capacity
of elastomers to enhance the thermal comfort of the end users is garnering important
attention. The thermoregulating capacity of PU foams applied in the footwear and mattress
industries or automobile and construction sectors has been improved by the incorporation
of microcapsules containing phase change materials (PCMs) [10,11]. PCMs can absorb or
release the energy equivalent with their latent heat when the temperature undergoes or
overpasses their melting points. Most PCM applications require their previous encapsula-
tion or PCM stabilization before the inclusion in the final system to avoid leakage during
the melting process [12]. In the case of microcapsules, their shell type, size and amount
of used microencapsulated PCMs determine their final distribution into the polyurethane
matrix [13].

Recently, some authors have incorporated PCMs into elastomers. The most relevant
examples found are related to the addition of PCMs into the polymeric matrix. Arm-
strong et al. [14] introduced form-stable PCMs from fatty acids in elastomer copolyesters
called phase-change elastomer gels (PCEGs). They explored the thermal characteristics
of PCEG films, wherein the copolyester grade, gel composition and the fatty acid concen-
tration from 30 to 70 wt.% obtained latent heats within 10-100 J/g and without hysteretic
thermal cycling.

On the other hand, Juarez et al. [15] added microencapsulated PCMs (melting tem-
perature of 52 °C) using concentrations from 1 to 10 wt.% on an elastomeric matrix of
styrene—ethylene/butylene—styrene (SEBS) material with a remarkable effect on the ther-
mal regulation of SEBS while keeping good resistant and ductile properties for PCM
concentrations of 1-5 wt.%.

Chriaa et al. [16] investigated the SEBS elastomer using shape-stabilized phase change
material by absorbing hexadecane into the network of the SEBS and coating it with a
low-density polyethylene (LDPE). They studied four mass fractions of hexadecane /SEBS
(80/5,75/10, 65/20,55/30, w/w %), employing 15% LDPE with respect to the melt-mixing
method. They found that the thermal properties of the elastomers improved with the PCM

24



Appl. Sci. 2021, 11, 5370

content, varying from 106.15 k] /kg to 179.76 k] /kg for the composite containing 80% PCM
and maintaining good properties despite the huge PCM content.

Considering the feasibility of LDPE for producing elastomer materials, in this work,
thermoregulating microcapsules containing the paraffin wax Rubitherm® RT27 with a shell
from LDPE and ethyl-vinyl acetate (EVA) with an average particle size of 10 pm (mSD-
(LDPE-EVA-RT27)) were selected [13]. On the other hand, for first time, a polyurethane
elastomeric matrix was chosen for the microencapsulated PCMs’ incorporation, since
it is one of the most versatile polymers. mSD-(LDPE-EVA-RT27) contents from 0.0 to
20.0 wt.% were incorporated, also varying the main constituent proportion, isocyanate and
polyol for [NCO]/[OH] molar ratio values of 1.05 and 1.1. The effect of these variables
on the structural, mechanical and thermal properties was evaluated, looking for the elas-
tomer with the best thermal energy storage capacity that maintained good values for the
mechanical properties.

2. Materials and Methods

Poly(tetramethylene ether)glycol (PTMG 2000) from Sigma-Aldrich was used as the
polyol. Diphenylmethane-4,4’-diisocyanate (MDI) was purchased from Interchemol, and
1,4-diazabicyclo[2.2.2]octane (DABCO) from Sigma-Aldrich and 1,4-butanediol (BD) from
Brenntag were used as the catalyst and chain extender, respectively. Spherical thermoreg-
ulating microcapsules containing Rubitherm® RT27 with a shell from LDPE and EVA
produced by the spray drying technique (mSD-(LDPE-EVA-RT27)) with an average particle
size of 10 mm and a latent heat of 86.47 J/g were used as fillers.

2.1. Elastomer Synthesis

Elastomeric composites were manufactured by using two different molar ratios be-
tween the isocyanate and hydroxyl groups ([NCO]/[OH]) with values of 1.05 and 1.1. The
synthesis was realized by a two-step method. Before being used, the PTMG was vacuum
dried for 1.5 h at 90 °C. In the first step, a prepolymer was produced through the reaction
between PTMG and MDI (molar ratio polyol:diisocyanate = 1:4). The reaction was carried
out at 85 °C for 1.5 h. In the second step, the prepolymer chains were extended by using the
corresponding 1,4-butanediol to ensure the desired [NCO]/[OH] molar ratio with 0.3 wt.%
1,4-diazabicyclo[2.2.2]octane and five different microcapsule values (0.0, 5.0, 10.0, 15.0 and
20.0 wt.%). Finally, the prepared elastomers and their composites were cured at 100 °C for
24 h.

2.2. Characterization Techniques
2.2.1. Fourier Transform Infrared Spectroscopy (FTIR)

The chemical structures of the elastomers were studied by using a Varian 640-FT-IR
spectrometer in the range from 600 to 4000 cm !, at a spectral resolution of 8 cm ! and
with 16 scans.

2.2.2. Scanning Electron Microscopy (SEM)

The elastomers’ morphologies and filler distributions were depicted by means of scan-
ning electron microscopy (SEM) with a FEI QUANTA 250, working between 5 and 30 kV.

2.2.3. Density and Porosity

The density and porosity of the elastomers were determined with a helium pycnometer
(EI Accupyc I 1334) by the gas displacement method and according to ASTM D6226.

2.2.4. Thermogravimetric Analyses (TGAs)

The thermal stability of the paraffin, mSD-(LDPE-EVA-RT27) and the composites were
evaluated by thermogravimetric analysis with TA Instruments equipment model SDT
Q600. The used conditions for the analyses were a heating rate of 10 °C/min from room
temperature to 700 °C under a nitrogen atmosphere.
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2.2.5. Differential Scanning Calorimetry (DSC)

This technique allowed us to obtain the elastomers’ latent heat and the homogeneity of
the mSD-(LDPE-EVA-RT27) distribution by taking three samples from different elastomers
zones. DSC analyses were performed by using TA Instruments equipment model DSC
Q100 in the range from —40 °C to 45 °C at a heating rate of 10 °C/min.

2.2.6. Mechanical Tests

The tensile mechanical properties of the developed elastomer composites were ana-
lyzed by means of an MTS Criterion Model 43 equipped with a 1 kN load cell. The used
samples had a dog bone shape (type 1) with a thickness between 2 and 3 mm, a length of
115 mm and a width in the narrower section of 6.2 = 0.2 mm. The tensile tests were carried
out at a crosshead speed of 50 mm/min until the sample broke, according to standard ISO
37:2013. The resilience tests were carried out by performing four tensile test cycles from
zero load to a deformation of 14% and returning to zero load.

The Shore A hardness of the elastomers was measured with a Sauter HDA100-1 tester.

All the thermal and mechanical characterization tests were performed three times.

3. Results and Discussion
3.1. Elastomer Synthesis

A total of 10 different elastomers were produced as result of varying the [NCO]/[OH]
molar ratio and the mSD-(LDPE-EVA-RT27) content.

The composites were synthesized with [NCO]/[OH] molar ratios of 1.05 and 1.1
while varying the mSD-(LDPE-EVA-RT27) content within 0.0-20.0 wt.%. The composite
names include all this information by putting after the letter E (corresponding to elas-
tomer) the [NCO]/[OH] molar ratio and the mSD-(LDPE-EVA-RT27) content, separated by
dashes. The names and values of both variables for the different synthesized elastomers
are gathered in Table 1.

Table 1. [NCO]/[OH] molar ratios and mSD-(LDPE-EVA-RT27) contents of the synthesized elastomers.

Name [NCOV[OH] mSD-(LDPE-EVA-RT27) (wt.%)
E-1.05-0 0.0
E-1.05-5 5.0
E-1.05-10 1.05 10.0
E-1.05-15 15.0
E-1.05-20 20.0

E-1.1-0 0.0

E-1.1-5 5.0
E-1.1-10 11 10.0
E-1.1-15 15.0
E-1.1-20 20.0

All the formulations allowed successful synthesis of the elastomers, as can be seen in
Figure 1.

At a simple view, the elastomers reagents successfully reacted. However, in order to
confirm the formation of the characteristics of the elastomers’ structures, FTIR analyses of
the composites with different mSD-(LDPE-EVA-RT27) contents and [NCO]/[OH] molar
ratios were carried out (Figure 2).
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Figure 1. Appearance of the synthesized elastomers with different [NCO]/[OH] and mSD-(LDPE-EVA-RT27) contents.

2935cm

A

‘ /ﬂﬁﬂl‘l
E-10520 ¥ w

400 30 300 2500 2000 1500 1000 400 300 00 2500 2000 150 1000
Wavelength (cm?) Wavelength (cm)
(a) (b)

Figure 2. FT-IR spectrums of the synthesized elastomers with different mSD-(LDPE-EVA-RT27) contents and [NCO]/[OH]
values of (a) 1.05 and (b) 1.1.

The presence of urethane groups in the synthesized elastomers can be clearly iden-
tified in Figure 2 by the stretching vibrations of the -NH bonds around 3360 cm ™! [17].
Aside from that, the characteristic signals of the carbonyl groups (-C=0), hydrogen bonds,
-NH bending vibrations and -CN stretching vibrations appeared at 1727, 1700, 1527 and
1306 cm ™!, respectively [18]. The -NH groups could join the -C=O by the hydrogen bonds
in the hard segments and with the -C-O-C of the soft segments. The peaks at 2935 cm ™!
and 2837 cm~! correspond to the symmetric and asymmetric stretching vibrations of -CH,
group, respectively, while at 1373 cm ™! and 1456 cm !, bending stretching in the polyol
chain appeared [19]. In addition, the lack of significant stretching vibrations of the iso-
cyanate group (N=C=0) of MDI at 2300 cm ! confirmed the success of the reaction for the
case of a [NCO]/[OH] molar ratio of 1.05 [20]. On the contrary, that signal appeared for the
case of a [NCO]/[OH] molar ratio of 1.1, indicating the excess of isocyanate groups for the
case of this formulation. On the other hand, the existence of a peak at 1594 cm~! indicated
the presence of aromatic groups coming from MDI [18]. Finally, the peaks that appeared
at 1165, 1138 and at 1078 cm ! corresponded to the stretching and bending vibrations of
C-O-C present in the ether, urethane and ester groups of the elastomers, respectively [18].
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3.2. Elastomer Structure and Filler Distribution

Once the proper chemical structures of the synthesized elastomers were confirmed,
their morphologies were observed by SEM for further understanding of their physical
and mechanical properties. Figure 3 shows two examples of the typical filler distribution
in matrix that were very similar in the rest of the samples, and Figure 4 shows the SEM
pictures of the different synthesized elastomer matrices.

(b)

Figure 3. SEM photos of filler distributions for the E-1.1-20 at 200x magnification (a) and for the E-1.05-15 at 3000x
magnification (b).

(h) E-1.1-10 (i) E-1.1-15 (j) E-1.1-20

Figure 4. SEM pictures at 6000 x magnification of the synthesized elastomer matrices with different mSD-(LDPE-EVA-RT27)
contents and [NCO]/[OH] values of 1.05 and 1.1.
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The filler distribution in the polymer matrix was not totally homogeneous, as can be
seen in Figure 3. Many of the microcapsules were well distributed, as shown in Figure 3b,
and some others were agglomerated, as can be seen in Figure 3a. The rest of the synthesized
elastomers also presented mSD-(LDPE-EVA-RT27) distributed for the whole polymer
matrix with some agglomeration points.

As can be seen in Figure 4, the elastomers presented a structure of polyurethanes
derived from aromatic diisocyanates consisting of a net of spherical microparticles [21,22].
Aside from that, most particles presented a homogeneous size, except for some bigger
particles. The most accurate study of the influence of the mSD-(LDPE-EVA-RT27) content
and of the [NCO]/[OH] molar ratio on the particle size was carried out by using Motic
Plus software (see Table 2).

Table 2. Average particle size of the elastomer polymeric matrices.

Elastomer Average Particle Size (um)  Maximum Value(pum) Minimum Value(pm)
E-1.05-0 2.640 % 0.409 3.689 0.785
E-1.05-5 2.049 + 0.227 3.759 0.689
E-1.05-10 1.735 + 0.210 2.388 1.271
E-1.05-15 1.617 £ 0.283 2.288 0.684
E-1.05-20 1.896 £ 0.346 2.537 1.022

E-1.1-0 2.220 + 0.696 4.862 1.449
E-1.1-5 1.893 £ 0.212 2.480 1.473
E-1.1-10 1.693 £ 0.193 2.230 1.201
E-1.1-15 1.868 + 0.234 2.483 1.164
E-1.1-20 1.734 £ 0.295 3.110 1.081

According to the results, the addition of mSD-(LDPE-EVA-RT27) reduced the particle
size of the polymeric matrix and improved the sample structure homogeneity, since lower
standard deviations were obtained. The particle size of the polymeric matrix structure
was at a minimum for E-1.05-15 and E-1.1-10. Thus, the presence of MC increased the
nucleation point during polymer formation, reducing the particle size of the polymeric
matrix up to 10-15 wt.%. Nevertheless, from this point, the effect of the agglomeration due
to the increase of the sample viscosity stabilized or even increased the particle size of the
polymeric matrix [23].

On the other hand, the effect of the elastomer structure on the porosity and density
was also analyzed, and both effects are shown in Figure 5.

As can be seen, the higher the MC content, the lower the sample porosity, probably due
to the reduction of the particle size of the polymeric matrix, the presence of the MC in the
structure and the increase of the reactive mixture viscosity. On the other hand, despite the
porosity decrease, the density also decreased, since the mSD-(LDPE-EVA-RT27) density was
0.866 g/cm? [24], 26.7% lower than the net elastomer density. In the case of elastomer E-1.05,
the density decrease was almost linearly dependent on the mSD-(LDPE-EVA-RT27) content.
A similar tendency was observed up to an MC content of 10 wt.% for the elastomer E-1.1.
Nevertheless, from that point, higher densities than those obtained for the composites from
a [NCO]/[OH] molar ratio of 1.05 were observed, possibly due to the excess of isocyanate.
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Figure 5. Porosity (a) and density (b) of the elastomers with different mSD-(LDPE-EVA-RT27) contents and [NCO]/[OH]

molar ratios.

3.3. Thermal Stability

The thermal stability of PU elastomers depends on multiple factors, such as the propor-
tion between soft and hard segments, the chain extensor type and the [NCO]/[OH] molar
ratio [18,20,25]. Figure 6 shows the thermogravimetric results of the mSD-(LDPE-EVA-
RT27) and pure paraffin (Rubitherm®RT27) used in the microcapsules’ synthesis and all
the synthesized elastomers.
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Figure 6. Thermogravimetric analyses (a,b) and their DTGs (c,d) of the synthesized elastomers, mSD-(LDPE-EVA-RT27)
and the pure paraffin. Peaks I = HS degradation; Peak II = SS degradation; Peak III = high molecular weight reticulated
segment degradation; Peak VI = allophanates degradation.
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100

As can be seen in Figure 6, the pure paraffin and the paraffin from mSD-(LDPE-EVA-
RT27) were completely evaporated at 210 °C, whereas the shell material of the micro-
capsules was degraded at 480 °C. On the other hand, the thermal degradation of the
polyurethane elastomers was a complex process with three different thermal degradation
steps. The first degradation step corresponding with urethane bond decomposition from
the hard segments (peak I of the DTG elastomer curves) occurred between 300 and 380 °C.
The second degradation step appeared between 380 and 500 °C, and this can be attributed
to the soft segment degradation (peak II). Finally, there was a third small step from 550 °C,
which was due to the presence of reticulated segments of a high molecular weight. It is
worth pointing out that all the elastomers were stable up to 280 °C, and therefore, the
paraffin evaporation was delayed, probably evaporating while the urethane bond degrada-
tion took place. This could be due to the immersion of the microcapsules in the polymer
matrix acting as a protected barrier, forming a form-stable material. Aside from that, it
can be noticed that for the [NCO]/[OH] molar ratio of 1.05, there was a residue with a
maximum value of 10 wt.% for the case without PCMs. On the contrary, elastomers from
the [NCO]/[OH] molar ratio of 1.1 presented a fourth degradation peak and absence of
residue, probably because of the excess of -NCO reacting with the urethane groups at high
temperatures and forming allophanates that decomposed around 600 °C [26].

From the TGA results, the experimental weight loss corresponding to the soft and hard
segments of the elastomers (SS and HS, respectively) and the mSD-(LDPE-EVA-RT27) shell
for each one of the synthesized elastomers was determined and compared to the theoretical
expected values. Figure 7 shows the experimental and theoretical weight loss for the SS,
HS and mSD-(LDPE-EVA-RT27) shells, depending on the microcapsules content and the
[NCO]/[OH] molar ratio. The theoretical values were estimated from the mass contents of
the microcapsules, their compositions and the mass of polyurethane components added in
the elastomer synthesis recipe.
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Figure 7. Experimental and theoretical weight loss for the SS, HS and microcapsule shells, depending on the mSD-
(LDPE-EVA-RT27) content, for [NCO]/[OH] molar ratios of (a) 1.05 and (b) 1.1. The straight lines indicate the linear trends

of the weight loss.

It can be observed in Figure 7 that the HS proportion in the elastomers increased with
the microcapsule content up to the case of 15 wt.% mSD-(LDPE-EVA-RT27), probably due to
the fact that paraffin degradation also occurred at this degradation step, as was mentioned
before. However, for the case of 20 wt.% mSD-(LDPE-EVA-RT27), the elastomers presented
a HS percentage value similar to that of the pure elastomers. This can be attributed to poor
homogenous elastomers, in which the particles would tend to form agglomerates. Aside
from that, the HS experimental contents were higher than the theoretical ones. Again,
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this was partially due to the paraffin degradation in that step. On the contrary, the SS
weight loss values were lower than expected. Therefore, the variation in both segments’
contents could be due to a partial overlap between the degradation steps that hampered
the quantification of the segment contents considering part of the SS in the HS. On the other
hand, in the case of the SS weight loss, it remained nearly constant independent of the MC
content, and it was lower for the case of a [NCO]/[OH] value of 1.1. The lower values
with the increase of the NCO content could be due to the formation of higher molecular
weight structures that degraded at higher temperatures [27,28]. This is in agreement with
the appearance of a fourth degradation step from 550 °C for the case of a [NCO]/[OH]
value of 1.1.

As expected, the higher the MC content, the higher the weight loss corresponding
to the shell. The deviation between the experimental and theoretical values of the shell
weight loss also increased with the microcapsule content, being especially significant (46%)
for the case of a 20 wt.% content. Again, the elastomer with a 20 wt.% content presented
different behavior, probably due to the MC agglomeration and subsequent heterogeneity
of the polymer matrix.

3.4. Latent Heat

The final aim of the mSD-(LDPE-EVA-RT27) incorporation was to increase the thermal
energy storage capacity of the PU elastomers. Thus, the latent heat at different points of the
different synthesized elastomers was determined via DSC. The average latent heat (AHm),
the theoretical latent heat (AHy}), the standard deviation and the thermal yield are gathered
in Table 3.

Table 3. Average latent heat (AHy,), theoretical latent heat (AHy), standard deviation, melting temperature (T,), crystal-
lization temperature (T.) and yield of the elastomers with different mSD-(LDPE-EVA-RT27) contents and [NCO]/[OH]

molar ratios.

[NCOJV/IOH] [NCOJ/[OHI
1.05 1.1
MC AH,, AH; Tm T, Standard Yield AH,, AH; Tm T. Standard Yield
(%) (J/g) (J/g) Q) ©Q) Deviation (%) (J/g) (J/g) Q) Q) Deviation (%)
mSD-(LDPE-EVA-RT27) 22.92 17.38 22.92 17.38
5 1.92 2.72 23.29 22.78 1.26 70.44 1.48 2.72 24.10 23.79 1.09 54.40
10 425 5.44 25.61 24.06 243 78.02 4.18 5.44 25.04 2155 2.47 76.82
15 7.39 8.17 26.15 22.36 1.62 90.51 6.53 8.17 26.70 22.36 2.61 79.95
20 7.52 10.89 24.84 18.38 2.02 69.09 8.70 10.89 26.09 19.81 2.28 79.90

The net elastomers did not show any peak related to a melting or solidifying point,
contrary to that observed for those containing mSD-(LDPE-EVA-RT27). As expected, the
higher the mSD-(LDPE-EVA-RT27) content, the higher the latent heat of the elastomers. It
can be also observed that the standard deviations were lower for the case of elastomer E-
1.05, indicating a better distribution of the microcapsules into the elastomers and exhibiting
a large yield, except for the 20 wt.% microcapsules. Taking into account the yield and the
standard deviation, the elastomeric matrix from a [NCO]/[OH] molar ratio of 1.05 was
not able to stabilize the total amount of MC, attending to the lower porosity exhibited
when the 20 wt.% microcapsules case was used. Hence, although composites from the
[NCO]/[OH] molar ratios of 1.1 up to 15 wt.% microcapsules presented lower latent
heats than those corresponding materials with a [NCO]/[OH] molar ratio of 1.05, the
elastomer with the highest thermoregulating capacity was E-1.1-20, exhibiting a latent heat
of 8.7]/g. This value was 15.69% higher than the corresponding E-1.05-20 elastomer. Hence,
although it was observed in the structural and stability tests that the higher content of
NCO groups, the higher the reticulation and hampering of good microcapsule distribution
up to 15 wt.% microcapsules, the porosity and the thermoregulating properties of the
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E-1.1-20 elastomer were higher than the corresponding properties of the E-1.05-20. These
better properties could be attributed to the lower average particle size of this elastomer
matrix (1.734 mm) with respect to that of E-1.05-20 (1.896 mm), which also led to a large
density (rp-1.1-20 > rp-1.05-20; 1.07 > 1.06 g/ cmd). Finally, there was a slight increase in the
melting points for all composites as result of the porosity and density diminution of the
microcapsule contents, causing a reduction of the global thermal conductivity of these
form-stable materials. On the other hand, the crystallization temperature was practically
equal to the melting point for microcapsule contents lower than 15 wt.%, indicating that
these form-stable materials did not exhibit any hysteresis. Nevertheless, for microcapsule
contents within 15-20 wt.%, the crystallization temperature tended toward that of the
original microcapsules, indicating that they worked as the key thermal material instead of
the matrix elastomer.

3.5. Mechanical Properties

As was commented on in the characterization techniques section, the tensile stress—
strain properties were determined following the standard UNE-ISO 37:2013. The tensile
strength at break and at a deformation of 150% are important properties for elastomers.
The values obtained for the different synthesized materials are shown in Figure 8.

° E-1.05 104 B E-105
77 E-1.1 ] %/ Y E-1.1
(a) (b;

Figure 8. The tensile strength at break (a) and tensile stress at a deformation of 150% (b).

A reduction of both properties when the mSD-(LDPE-EVA-RT27) microcapsules were
added can be observed, especially for E-1.05-20. This decrease could be caused by the
elastomer heterogeneity promoted by worse microcapsule distribution, which favors the
fractured appearance. On the other hand, elastomer E-1.1 presented better results than
E-1.05 in the case of tensile stress at a deformation of 150%, suggesting greater rigidity of
E-1.1, while the tensile strength results were very similar.

Another important mechanical property is the resilience, since it gives an idea of the
deformation energy per volume unit that can be recovered after the material’s deformation.
This refers to the polymer’s capacity for recovering after a deformation. The resilience of
the synthesized elastomers is shown in Figure 9a.

According to the experimental results, the presence of the microcapsules improved
the resilience of the elastomers, especially for the case of E-1.05. Nevertheless, the resilience
of elastomer E-1.1 was always better than that observed for elastomer E-1.05. It is worth
mentioning that the maximum resilience was found independently of the [NCO]/[OH]
molar ratio for an mSD-(LDPE-EVA-RT27) content of 5 wt.%.
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Figure 9. Resilience (a) and Shore A hardness (b) of the elastomers with mSD-(LDPE-EVA-RT27).

The hardness of the elastomers was tested with a Shore A durometer, and the values
are shown in Figure 9b. It can be observed that the hardness was not influenced by
the [NCO]/[OH] molar ratio, as the results were very similar for composites E-1.05 and
E-1.1. Aside from that, the addition of microcapsules did not change the hardness of
the elastomers significantly, with a maximum decrease of 2.98% observed for elastomers
containing 20 wt.% MC.

4. Conclusions

Elastomeric materials with thermoregulating properties due to incorporating mSD-
(LDPE-EVA-RT27) within 0-20 wt.% and isocyanates/hydroxyl [NCO]/[OH] molar ratios
of 1.05 and 1.1 were produced.

The presence of urethane and isocyanate groups was clearly identified by FT-IR
analyses, allowing the confirmation of an excess of isocyanate groups for the formulated
[NCO]/[OH] molar ratio 1.1.

All the synthesized elastomers were formed by a net of spherical microparticles with
an average particle size within 2.640-1.617 mm.

Thermogravimetric analyses allowed for distinguish between weight losses attributed
to paraffin, the microcapsule shells and the hard segments and soft segments. Nevertheless,
the weight loss of paraffin in the elastomers was overlayed with the hard segment, indi-
cating that the elastomers were able to build form-stable materials, enlarging the paraffin
thermal stability since its vaporization was delayed.

In general, the density and mechanical properties decreased with the microcapsule
content as result of the lower density of the microcapsules and their worse distribution
into the elastomeric matrix. Elastomer E-1.05 exhibited the better structural and stability
properties for MC contents up to 15 wt.%, whereas the E-1.1 elastomer containing 20 wt.%
MC revealed mechanical and thermal synergy effects, demonstrating good structural
stability and the largest latent heat (8.7 ] /g).
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Abstract: Phase-change materials (PCM) play off their advantages over conventional heat storage
media when used within narrow temperature ranges. Many cooling and temperature buffering
applications, such as cold storage and battery cooling, are operated within small temperature
differences, and therefore, they are well-suited for the application of these promising materials. In
this study, the storage capacities of different phase-change material emulsions are analysed under
consideration of the phase transition behaviour and supercooling effect, which are caused by the
submicron size scale of the PCM particles in the emulsion. For comparison reasons, the same
formulation for the emulsions was used to emulsify 35 wt.% of different paraffins with different
purities and melting temperatures between 16 and 40 °C. Enthalpy curves based on differential
scanning calorimeter (DSC) measurements are used to calculate the storage capacities within the
characteristic and defined temperatures. The enthalpy differences for the emulsions, including the
first phase transition, are in a range between 69 and 96 k] / kg within temperature differences between
6.5 and 10 K. This led to an increase of the storage capacity by a factor of 2-2.7 in comparison to
water operated within the same temperature intervals. The study also shows that purer paraffins,
which have a much higher enthalpy than blends, reveal, in some cases, a lower increase of the storage
capacity in the comparison due to unfavourable crystallisation behaviour when emulsified. In a
second analysis, the stability of emulsions was investigated by applying 100 thermal cycles with
defined mechanical stress at the same time. An analysis of the viscosity, particle size and melting
crystallisation behaviour was done by showing the changes in each property due to the cycling.

Keywords: phase-change material; dispersion; thermal-mechanical stability; viscosity; supercooling;
nucleating agent; cold storage; battery cooling

1. Introduction

PCM emulsions or, more generally, PCM slurries (PCS) are heat transfer fluids consist-
ing of a PCM that is dispersed in a fluid (in this study, water). Compared to pure water,
they showed a high storage capacity due to the usage of the PCM melting and solidification
process, in addition to the sensible heat capacity of the water and the PCM. To utilise this
benefit, they have to be used within the PCM melting and crystallisation temperature
range [1]. This offers the advantage of reduced volumes for energy storage due to a greater
storage density [2]. PCS, in general, offer the advantage of being liquid-independent of
the PCM’s state of matter. This property makes it possible to convey PCS in hydraulic
systems equally in both physical states of the PCM. Hence, PCS can act as heat transfer
fluids and as a storage fluid. With this functionality, PCS contributes as a storage material
to thermal systems that are operated within small temperature differences, such as cool-
ing or temperature-buffering applications. PCS can transfer this heat homogeneously at
an almost constant temperature [3]. The fine dispersion of the PCM in water leads to a
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high surface-to-volume ratio that contributes to a high heat transfer rate between water
and PCM [4,5].

Over time, researchers have investigated different paraffins for use as PCM in emul-
sions. Already, in the 1990s, Inaba and Morita [6] investigated the application of tetradecane
with a melting temperature of 14.75 °C in water as a PCM emulsion for cold storage. A
mixture of anionic and non-ionic emulsifiers stabilised the emulsion. Paraffins are available
over a wide range of melting temperatures. Additionally, melting temperatures between
that of pure paraffins can be achieved by mixing two different paraffins [7]. He and
Setterwall [7] mixed, for example, n-tetradecane and n-hexadecane and found melting
temperatures between those of the pure materials. They also found that a mixture of about
90 mol% n-tetradecane and 10 mol% n-hexadecane showed a melting temperature at 2 °C.
This makes it possible to adapt the melting point to the demand of different applications
by choosing a paraffin with an appropriate melting temperature or mixed paraffins with
higher and lower melting temperatures.

According to Montenegro and Landfester [8], n-alkanes with an even number of
carbon atoms in the range from 12 to 26 crystallise in the triclinic form, and those with
an odd-numbered carbon chain show a phase transition from liquid to a metastable or-
thorhombic rotator phase and, in the second step, at a lower temperature, a transition to the
stable phase. It was also observed that even-numbered n-alkanes show a phase transition to
the rotator phase when emulsified in the nanometre scale. Hagelstein und Gschwander [9]
observed this as well for octadecane emulsions. It was found that the transition to a rotator
phase accounts for 70-75% of the total crystallisation enthalpy. Beside this change in the
phase transition, it was observed that, due to the confined volume of the paraffin droplets,
it was crystallising at a temperature below its bulk phase-change temperature from solid
to liquid. This is due to a separation of the natural given crystallisation seeds [10]. This
hysteresis effect is called supercooling. Zhang et al. [11] reported that a PCM emulsion with
a melting temperature of 18 °C had to be cooled down to 7 °C to obtain the full latent heat.
Nucleation agents were used to supress the supercooling. Huang et al. [5] developed, for
example, a PCM emulsions based on the paraffin blends RT6 with a melting temperature
of 6 °C, RT10 (10 °C) and RT20 (20 °C) from Rubitherm Technologies GmbH. Non-ionic
emulsifiers—in particular, ethoxylated fatty alcohols—were used for the stabilisation of the
PCM droplets/particles. A paraffin with a melting point at 50 °C was used as a nucleating
agent that was able to decrease the supercooling. After 100 cooling/heating cycles in a test
rig, the DSC measurements of the samples revealed an increased supercooling again and
indicated an unstable nucleation agent. Lu and Tassou [12] reported the development of
a PCM slurry for cooling applications. A paraffin with a high melting temperature was
used as a nucleation agent to reduce the supercooling of the emulsified PCM. The storage
stability was tested by storing a sample over eight months and applying 50 heating and
cooling cycles. The stability was analysed by comparing the DSC curves before and after
the experiment. The emulsion showed no reduction of the effectiveness of the nucleation
agent, but separation or creaming of the paraffin droplets was observed, which was, in
further experiments, supressed by using thickeners. Zhang et al. [2] dispersed n-octacosane
with a melting temperature of 60 °C for use in heat storage applications. As emulsifiers,
they used non-ionic surfactant different combinations of Tween and span emulsifiers with
a HLB of 12, as well as hydrophobic SiO, particles, as nucleating agent to reduce super-
cooling. The stability was tested first by storing samples for up to six months and, second,
by applying five freezing and melting cycles in which the sample was heated to 70 °C
and then cooled down again to room temperature. The breaking ratio, which is the ratio
between the separated PCM to the whole tested volume, was used to quantify the stability.
After the storing experiment, a creaming was observed but no clear trend in the changes of
the droplet sizes. In the thermal cycling experiment, separated oil was observed on the
samples, and a breaking ratio was determined in a range between 40% and almost 90% for
the different emulsions.
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Delgado et al. [1] stated that the smaller and more homogenous the particle size distri-
bution is, the more stable a PCM emulsion is for thermal-mechanical cycling and storage
time-induced effects. Zhang et al. [13] described the development of PCM emulsions with
particle sizes in the nanometre scale using hexadecane as the PCM. The emulsion showed
a high stability against phase separation, which was tested under repeated thermal cycles
in which the emulsion was cooled below the solidification temperature in an ice bath and
heated up again by taking it out of the ice bath and exposing it to room temperature at
25 °C. A high stability was proven by applying this procedure. The DSC measurements
revealed supercooling, which was reduced in further experiments by using SiO, particles,
but nevertheless, the supercooling was still in the range of about 5-10 K.

Vorbeck et al. [14] investigated a PCS based on microencapsulated paraffin with a
melting range between 22 and 26 °C and a melting enthalpy of 50 k] /kg. The PCS had a
fraction of 30 wt.% of microcapsules and was tested on stability within a hydraulic test
rig in which the PCS was cycled. The test rig contained plate-type heat exchangers and a
centrifugal pump. In every cycle, the slurry was cooled below the solidification temperature
and heated up above the melting temperature of the PCM again. Nearly 100,000 cycles
were applied without observing a significant number of broken microcapsules. The storage
capacity was investigated in a storage tank containing 5 m> of the slurry, and the results
were compared with experiments using water as the storage fluid in the same storage tank.
It was shown that it was possible to store 55% more energy than using water, which leads
to a 95-min-longer discharge duration. Biedenbach et al. [15] reported the experimental
investigation of a PCM emulsion with 35 wt.% n-octadecane in a 500-L storage tank. The
storage capacity was compared to water, which was also investigated in the same storage
tank. The PCM emulsion showed a supercooling of 5.7 K. Compared to water, the emulsion
offered, in the best-case scenario, an improvement of the storage capacity by a factor
of 2.6, operating it between 20 and 27 °C, 2.3 in a temperature range between 22 and
29 °C and 1.7 between 15 and 29 °C. The stability of the emulsion was proven by particle
size measurements done with samples taken after filling the storage tank after three and
after six days of operation. The particle size was decreased and more uniform after three
days of moving to slightly bigger sizes after six days. Delgado et al. [16] investigated
a PCM emulsion with a low-cost paraffin and solid content between 59% and 61% in a
stirred 46-litre tank with a coiled heat exchanger. A 3.5-5.5 times higher heat transfer
coefficient was observed when the emulsion was stirred with 290-600 rpm compared to
the non-stirred tank. It was found that the stored energy was 80% higher for an operation
temperature between 30 and 50 °C and 40% higher when operating it between 30 and 60 °C
in comparison to water as the storage fluid. Morimoto et al. [17] investigated the influence
of the degree of supercooling on the storage capacity in n-hexadecane and n-octadecane
emulsions. A freezing ratio was defined as the relation of the heat stored when the emulsion
was cooled to a certain temperature before it was molten again to the total storage capacity
of the full-phase transition. Dependent on the cooling temperature, the freezing ratio was
in a range between 30% and 60% for emulsions having a mean particle size of 0.25 um.

Research into PCS development is concentrated on the stabilisation of PCM in emul-
sions against phase separation (creaming) and on the suppression of supercooling. In many
publications, the stability against thermal cycling is tested without applying mechanical
stress at the same time. There is little information on how supercooling influences the
storage capacity of PCM emulsions in comparison to standard heat transfer fluids. In this
study, analyses on the storage capacity for emulsions using different paraffins as PCM in
comparison to pure water are presented. All investigated emulsions are prepared using the
same formulation, including the nucleation agent. Furthermore, an analysis of the stability
is undertaken using repeated thermal cycles and shearing the emulsion with a defined
shear rate at the same time (thermal-mechanical stress). The influence of supercooling on
the storage capacity is analysed by enthalpy curves obtained via DSC measurements. The
degradation due to thermal-mechanical stress is tested by using a rotational rheometer
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determining the change of viscosity with time, measuring the particle size distribution and
the enthalpy via DSC before and after the test.

2. Materials and Methods
2.1. Materials

All presented PCM dispersions were prepared by using linear alcohol ethoxylates from
Sasol Germany GmbH, Fritz-Staiger-Strafie 15, 25541 Brunsbiittel, German as surfactants.
The PCMs, which were emulsified, were Parafol 16-97, Parafol 17-97, Linpar 17, Parafol
18-97, Parafol 19-90 and Parafol 19-97, as well as Parafol 20Z, which were also received from
Sasol Germany GmbH. For the paraffins of the Parafol trademark, the first digit stands for
the number of carbon atoms in the hydrocarbon chain and the second digit for the purity
of the material. For example, Parafol 19-90 and Parafol 19-97 are n-alkanes with 19 carbon
atoms. These two materials differ solely in their purity, with 90% and 97%, respectively.
According to Sasol, Linpar 17 and Parafol 20Z are paraffins with high purities, but there are
no exact percentages available. In the following, Parafol is abbreviated to P and Linpar to L.
The PCM RT 27 is a blend of paraffins that was manufactured by Rubitherm Technologies
GmbH, Imhoffweg 6, 12307 Berlin, Germany with an unknown composition. A second
blend was examined using 40 wt.% Parafol 16-97 and 60 wt.% Parafol 18-97, resulting in a
melting temperature of 18.7 °C.

2.2. Formulation of the PCM Dispersions

The PCM dispersions were all formulated with 35 wt.% of PCM emulsified in deionised
water. The concentration of 35 wt.% of PCM shown in previous internal studies a good com-
promise between capacity, viscosity and stability. For stabilising the PCM droplets/particles
in water, 5 wt.% surfactant was added to the formulation. To decrease the supercooling
of the PCM dispersion, a derivate of paraffin wax from Sigma-Aldrich Chemie GmbH,
Kappelweg 1, 91625 Schnelldorf, Germany with a melting temperature of 105 °C was
added to the PCM as a nucleation agent before dispersing it in water. The mixture of PCM
and nucleation agent was heated to 105 °C and stirred for 30 min; then, it was cooled down
to 80 °C before emulsifying it in water.

The mixture of Paraffin, nucleation agent, emulsifier and water was dispersed for
3 min using a dispersion machine, magicLAB®, from IKA®-Werke GmbH & Co.KG, Janke
& Kunkel-Str. 10, 79219 Staufen, Germany which worked with a rotor—stator principle
at a speed of 20,000 rpm. In a following step, the PCM emulsion was homogenised in a
high-pressure homogeniser APV 2000 from SPX®, Konrad-Zuse-Strafle 25, 47445 Moers,
Germany at 200 bar. In total, 200 g of every sample was produced containing 70 g of PCM.
The initial weight was done with an accuracy of £50 mg for PCM and water and with
+5 mg for the emulsifiers and nucleation agent. The maximum weighting error was below
£0.07%, and therefore, this error was neglected for the storage capacity analyses.

2.3. Characterisation

Every PCM dispersion was analysed in terms of its particle size distribution, melting
and crystallisation behaviours, enthalpy and stability against thermal-mechanical stress.

The particle size distribution was analysed using a laser diffraction particle analyser,
LS13320, from Beckman Coulter GmbH, Europark Fichtenhain B 13, 47807 Krefeld, Ger-
many. The measured values represented the particle diameter. The particle size distribution
was measured after production and after the thermal-mechanical stability test.

A DSC (Q200 from TA Instruments, Altendorfstrae 12, 32609 Hiillhorst, Germany)
was used to determine the melting/crystallisation temperature and the enthalpy of the
fusion/crystallisation. The onset values were chosen as the melting/crystallisation temper-
ature due to its independency of the heating rate. To identify the suitable heating rate for
the dispersions, a heating and cooling rate test was performed conformal to the procedure
developed in IEA ECES Annex 29/SHC Task 42 [18]. According to the heating rate test,
the heating rate was determined to 1 K/min. The measurements were performed in Tyero
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hermetic aluminium crucibles at the determined heating rate, and the temperature dynamic
range varied depending on the melting point of the PCMs. The sample volume was 10 pL.
A flow of dry nitrogen was used to purge the measuring cell with 50 mL/h during the
measurements. The error of the DSC measurements was given with £5% for the enthalpy
values and £0.1 K for the temperature values.

For using PCM emulsions as heat or cold storage fluids, it is important to consider
the degree of supercooling, especially when comparing it with water. Supercooling is
increasing the necessary temperature range that must be applied to use the full potential
of SC. In principle, the larger this temperature range is, the lower is the benefit of PCM
systems in comparison to storages using water as the storage fluid. For the determination
of SC, a temperature range for charging and discharging is defined as the ATj,,q. The SF
is given as the volume-specific sensible and latent heat within the temperature range of
ATjpaq in comparison to the volume-specific sensible heat of water in the same temperature
range. For the comparison, a value of 4.19 kJ/(kg-K) as the specific heat capacity for water
and a density at 20 °C of 0.998 kg /L were used [19]. As the material datasheets showed
no difference in the densities of the used pure paraffins, density measurements were
performed using the Parafol 18-97 emulsion. The density was measured 4 times at 35 °C
using an Anton Paar DMA 4500 divece from Anton Paar GmbH, Hellmuth-Hirth-Strafse 6,
73760 Ostfildern, Germany. It was determined as 0.872 kg /L with a standard deviation
of £12 kg/L considering all 4 measurements. In this study, different temperature points
were chosen to obtain different AT},,4 to determine the SC and SF (in the following, called
methods a—d):

(a) Temperature range between the start of melting (Tm-start) and end of melting (Tpy,-enq)-

(b) Temperature range of —6 K from the end of melting (T},.eng) taking only the melting
curve into account.

(c) Temperature range of —6 K from the end of melting (T}, engq) considering the crystalli-
sation curve (see Figure 1).

(d) Temperature range between the end of melting (Ty,eng) and end of crystallisation (Tceng)-

Ti-end is determined as the temperature where the difference of enthalpy between the
crystallisation and melting curve is smaller than 0.2 kJ /kg the first time when subtracting
the melting curve from the crystallisation curve, starting from the onset temperature of
melting to higher temperatures. T¢¢ng is determined in the same way but by decreasing
the temperature. Tm.start is chosen visually as the temperature of the melting curve were
the slope starts to steepen.

The dependency of the available SC on supercooling is illustrated in Figure 1. The
graph shows a DSC measurement of a microencapsulated paraffin that is partly crystallised.
The material shows two phase transitions. In the first measuring cycle, the material was
cooled down to 20 °C and heated again to 40 °C. In the second cooling, it was only cooled
down 25 °C and heated from this temperature again (black, dashed line). As visible in
this case, the available SC was determined by the crystallisation curve. In the following
analyses, this behaviour was considered to determine the SC based on method c for the
different PCM emulsions.

The rotational rheometer MCR 502 from Anton Paar GmbH, Hellmuth-Hirth-StrafSe
6, 73760 Ostfildern, Germany was used to determine the thermal-mechanical stability of
the PCM emulsions. The setup allowed us to apply a defined heating and cooling rate to
heat and cool a sample within a defined temperature range, as well as to stress the sample
with a defined shear rate at the same time. The stability was tested in a concentric cylinder
measuring system, consisting of a measuring body and a measuring cup, wherein the
measuring body was rotated. This setup was suitable for low viscous fluids and a relatively
large amount of sample could be applied. By using cylindrical geometry, the errors caused
by the evaporation of water from the sample were reduced, having a minor effect on the
measured results. During the measurements, evaporation was additionally reduced with
a solvent trap. The PCM emulsion was heated up and cooled down at a defined rate of
0.05 K/s over 100 thermal cycles while being stressed with a constant shear rate of 100 1/s.
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This test will be called the thermal-mechanical stability test in the following. Before and
after the thermal-mechanical stability test, a sample of the cycled PCM emulsion was
analysed via DSC, and the particle size distribution was measured using the L513320.
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Figure 1. Example for the melting behaviour of a partly crystallised microencapsulated paraffin. The PCM shows two phase
transitions in the crystallisation process. The 1st transition is at the higher temperature.

3. Results and Discussion

The used paraffins are characterised via DSC as well. Table 1 summarizes all DSC
results and Figure 2 illustrates the variety of phase transitions and enthalpies within the
dependency of temperature. All analysed paraffins show supercooling in the form of a
hysteresis. Parafol 16-97 (P16-97), Parafol 18-97 (P18-97) and Parafol 20Z (P20Z) are linear
n-alkanes, with an even number of 16, 18 and 20 carbon atoms. In the DSC, they show a
single-phase transition or two-phase transitions (P20Z) that are very close together when
crystallising. The phase transitions are sharp and take place in a narrow temperature range.
Linpar 17 (L17), Parafol 17-97 (P17-97), Parafol 19-90 (P19-90) and Parafol 19-97 (P19-97)
are n-alkanes with an odd number of carbon atoms. These n-alkanes show a clearly visible
second phase transition in both the melting and crystallisation processes.

Table 1. Summary of the most important properties of bulk PCM that are taken for the formulation

of PCM dispersions.
PCM/Paraffin Tm-end Tm, onset Tc, onset Tm—start_lst Tm-start-1st AHf . tot
°C °C °C °C °C KJ/kg
P16-97 19.6 16.6 15.7 13.9 - 217
P16-97/P18-97 22.3 18.7 21.1 15.4 - 151
L17 24.1 20.5 21.1 174 6.1 212
P17-97 24.8 21.2 21.6 18.3 9.3 210
RT27 27.7 24.5 26.1 194 - 153
P18-97 30.3 27.3 26.7 23.7 - 223
P19-90 324 30.5 30.6 25.9 17.1 207
P19-97 34 31.2 31.5 29 19.2 222
P20Z 36.5 34.3 34.6 29.1 - 211
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Figure 2. Enthalpy curves of the bulk materials measured with 1 K-min~! via DSC. The shortcuts are
given in Table 1.

P17-97 has an onset temperature Topset (melting point) of 21.2 °C, L17 of 20.5 °C,
P19-90 of 30.5 °C and P19-97 of 31.2 °C. These paraffins show a smaller hysteresis than
most of the pure even-numbered paraffins, but the melting and crystallisation also take
place over a broader temperature range. Combined with the two-phase transitions, the
temperature difference in an application must then be comparatively large to use the full
latent of the storage capacity. For example, P17-97 requires a temperature range of 8 K
when only the first phase transition is used and 15 K when the second phase transition
should be used as well. The comparison between P19-90 and P19-97 shows how impurities
influence the storage capacity and the phase transition temperature. The total storage
capacity is reduced from 222 kJ /kg for P19-97 to 207 k] /kg for P19-90, and the melting
temperature (Tonset) decreases from 31.2 °C to 30.5 °C.

RT27 is a purchasable blend of n-alkanes with paraffin, having a different numbers of
carbon atoms in their hydrocarbon chains. The melting point Tonset is at 24.5 °C, which is
close to that of P18-97 (27.3°C). The phase transition is in a temperature range that is larger
than that of P18-97, and the enthalpy for the blend RT27 is 153 k] /kg, which is 70 k] /kg
less than that of P18-97 (223 k] /kg).

For the comparison with L17 and P17-97, which are both high-purity odd-numbered
paraffins, a blend was mixed using 40 wt.% P16-97 and 60 wt.% P18-97. It has a melting
point Topset of 18.7 °C and an enthalpy of 151 k] /kg. All the investigated blends show a
small hysteresis but a broad temperature range for the phase transition in comparison to
the pure PCMs.

P20Z is an n-alkane with twenty carbon atoms in the hydrocarbon chain. Its melting
point Tonset is at 34.3 °C, and it offers an enthalpy of 211 k] /kg. During crystallisation, it
also shows two phase transitions, of which the first is the transition to the rotator phase
and the second is the transition to the stable triclinic crystal form.

Table 1 summarises the paraffin ‘s most important properties from the DSC measurements.

3.1. PCM Emulsions
3.1.1. Particle Size Distribution

All PCM are dispersed with 35 wt.% of PCM in water and homogenised. Through
homogenisation, a particle size distribution in the sub-micrometre range is reached, and
thus, a high stability against creaming is obtained. Figure 3 depicts the particle size
distributions for all emulsions. All sizes are below 1 um. The emulsions with P19-90 and
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P20Z have bimodal particle size distributions in the range between 45 and 600 nm, as well
as P19-97; all others show a monomodal size distribution in the range between 60 and
500 nm.
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- =117
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0 ‘ ‘ ‘ —
0.01 0.1 1

Particle Size/um

Figure 3. Particle size distribution of PCM dispersions with 35 wt.% of different PCMs dispersed
in water.

3.1.2. Storage Capacities

The DSC results are summarised in Table 2 for all the PCM emulsions. The melting
enthalpies are in a range between 53 und 61 kJ/kg, which is on the level expected for odd-
numbered paraffins due to the melting enthalpy of the first-phase transition of the used
bulk paraffins. The even-numbered paraffin emulsions show a melting enthalpy that is less
than 35% of the available bulk paraffin ‘s melting enthalpy (see Hfpcm-1st-35% in Table 2).
This is due to the induction of a second-phase transition through the emulsification process.
In comparison to the pure paraffins, all emulsions show a high degree of supercooling
(AT = Thn-offset — Tc-onset) that is listed in Table 2 and shown in Figure 4 for all the emulsions.
Supercooling is reduced with an increasing melting temperature and samples with lower
purity. Additionally, those emulsions prepared using paraffins with an odd number of C
atoms in their hydrocarbon chain show a lower degree of supercooling than emulsions
with even-numbered paraffins.

Table 2. Summary of the main DSC properties for the PCM dispersions, with AT = T, offset — Tc,-onset.

DiSPersed PCM Ti-end T, onset Tm, offset T, onset AT AHfm AHf, AHfpcM-m-15t-35%
°C °C °C °C K kJ/kg kJ/kg kJ/kg
P16-97 18.2 16.2 17.9 11.6 6.35 55.6 59.5 75.95
P16-97/P18-97 21.5 18.4 21.0 18.3 2.69 57.9 58.2 52.85
L17 21.7 19.6 21.8 17.5 4.31 60.6 57.8 57.05
P17-97 21.9 20.1 21.9 18.0 3.87 60.6 62.4 55.65
RT27 26.5 23.9 26.4 234 2.95 53.1 54 53.55
P18-97 27.6 25.1 27.5 23.0 4.48 58.2 62.5 78.05
P19-90 32.0 29.0 31.6 28.8 2.8 60.17 60.93 54.25
P19-97 324 29.9 32.0 28.8 3.22 59.3 62.3 58.45
P20Z 36.0 31.4 35.9 329 3 59 59.1 73.85
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Figure 4. Degree of supercooling and onset temperature of melting for the different emulsions.

Figure 5 depicts the enthalpy curves for all PCM emulsions dependent on the tem-
perature. The graph reveals that all emulsions have at least two-phase transitions in the
measured temperature range, except the one prepared with a mixture of P16-97 and P18-97.
It might have a second transition below the measured temperature range, but this could not
be proved, as it was not possible to cool further down due to the freezing of the emulsion s
water fraction. The curves also show that those emulsions prepared with mixtures of
paraffins (P16-97/P18-97, RT27) show broader melting and crystallisation ranges than
those using purer paraffins. Figure 6 compares the enthalpy curves of L17, P17-97 and the
mixture of P16-97/P18-97 emulsions. It is visible that L17 and the P16-97/P18-97 mixture
offer almost the same enthalpy differences in the main transition range, whereas P17-97
melts at a higher temperature and shows a higher change in the enthalpy. Both the bulk
PCM L17 and P17-97 have around 210 k] /kg, while the blend of P16-97/P18-97 is 28%
lower with 151 k] /kg. After emulsification, the enthalpy of this mixture is only about 4.5%
lower than that of the L17 and P17-97 emulsions (57.9 k/kg versus 60.6 k] /kg). A similar
effect can be seen for the P18-97 and RT27 emulsions. While the enthalpy of bulk RT-27 is
31% lower, it is only 14% lower when it is emulsified.

Despite the melting enthalpy for the bulk P16-97 being slightly higher (217 k] /kg) than
that of P20Z (211 k] /kg), emulsified P20Z shows, with 59.0 k] /kg, a slightly higher melting
enthalpy than the emulsified P16-97, which provides 55.6 k] /kg. One reason for this is the
higher share of enthalpy within the second phase transition at a lower temperature for the
P16-97 emulsion, which has 12.2 k] /kg versus 8.6/k] for the P20Z emulsion.

The storage capacities and temperature ranges for the emulsions, calculated according
to methods a—d, are shown in Figure 7 and listed in for method a and b in Table 3 and and
for method c and d in Table 4. As expected, the larger the chosen temperature range, the
more storage capacity is available, except for the analyses considering a 6 K temperature
difference and taking the crystallisation curves into account according to method c. These
analyses revealed a much lower storage capacity, as expected from the enthalpy change
of the melting curve. Here, those materials with a high degree of supercooling show the
lowest storage capacity. The comparisons of the storage capacities with those that would
be obtained using water as the storage medium are shown in Figure 8. Here, a massive
reduction of the benefits due to the supercooling phenomena and due to broad-phase
transition temperature ranges is visible. The analyses that take only the melting curves
into account (method a) show the maximum possible SF operating a system at the phase
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transition from a solid to liquid without any supercooling. Considering only the melting
curve with a temperature range of 6 K (according to method b), the benefit is reduced for
all materials but shows the realistic maximum benefit compared to water as the storage
material in a real storage application. With the given supercooling and melting, as well
as crystallisation ranges, P20Z, P19-97 and P17-97 perform best with a SF around 2.5.
Considering the 6-K limit according to method ¢, RT27 offers a 1.8 higher SF than P18-97.
Using the full temperature range (method d), P18-97 shows with 2.22 versus 2.06 (RT27) a

7.8% higher SE.
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Figure 5. Enthalpy curves of the PCM emulsions with a PCM fraction of 35 wt.% each. For each
curve, the enthalpy is set to 0 at T, _eng.

20
- =P16-97/P18-97
0 - -117 /
earli
- -P17-97 T,
/ /77,
-20 Y4 Y
i ¢ 0!
2”
-40 L4y s 1!
g /,II,, ’/ /’ !
/7
2 -60 4y el ?
- Ifr”_”
@ -80 e
g ,—’o'{””’
“-100 o
- r~
.‘o"’ - ’l
-120 _ ",’:bf;: :"7 ” P >,
-140 ”’L:Z:_,*
-~ - =
”/
_160 T T T T T T T
0 2 4 6 8 10 12 14 16 18 20 22 24

Temperature/°C

Figure 6. Enthalpy curves for the P16-97/P18-97, L17 and P17-97 emulsions.
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Figure 7. Storage capacities according to the different temperature ranges: m-curve (method a),
m-curve 6 k (method b), m-c-curve (method c¢) and m-c curve (method d) (see Section 2.3 Characteri-
sation. Storage factors and temperature differences for the melting process and to acquire the total
storage capacity for the first phase-transition m-curve (method a), m-curve 6 k (b), m-c-curve (c) and
m-c curve (d) (see Section 2.3 Characterisation).

Table 3. Data for the different emulsions for the analyses according to methods a and b.

Sample Based on the Melting Curve (a) Based on the Melting Curve, dT 6K (b)
Tim-end Hp-end Tm-start ATi0ad AHm-end-start SF Tim-end-6K AT)oad AHp end-6k SF

°C kJ/kg °C K kJ/kg - °C K kJ/kg -
P16-97 18.2 0.0 14.4 3.84 69.37 3.77 12.2 6 84.84 2.95
P16-97/P18-97 21.5 0.0 16.4 5.14 70.18 2.85 15.5 6 74.87 2.60
L17 21.7 0.0 17.5 4.27 68.82 3.36 15.7 6 77.1 2.68
P17-97 21.9 0.0 18.7 3.2 67.64 441 15.9 6 81.71 2.84
RT27 26.5 0.0 21.4 5.09 59.79 2.45 20.5 6 53.67 1.87
P18-97 27.6 0.0 23.0 4.63 70.79 3.19 21.6 6 77.81 2.70
P19-90 32.0 0.0 28.0 4.01 72.04 3.75 26.0 6 81.83 2.84
P19-97 32.4 0.0 28.0 4.35 75.22 3.61 26.4 6 82.8 2.88
P20z 36.0 0.0 31.0 5.02 72.5 3.01 30.0 6 78.43 2.73

Table 4. Data for the different emulsions for the analyses according to methods c and d.

Sample Based on the Melting and Cryst. Curve, Based on the End of Melting and End of Cryst.
P dT 6K (c) Curve (d)

Te-m-6K ATi0ad AHem-6k SF Te-end ATi0aa AHp eng-c-end SF

°C K kJ/kg - °C K kJ/kg -
P16-97 12.2 6 209 0.73 8.2 10.00 96.29 2.01
P16-97 /P18-97 15.5 6 60.8 211 14.7 6.77 76.92 2.37
L17 15.7 6 51.96 1.81 13.8 7.88 85.18 2.25
P17-97 15.9 6 62.88 2.19 15.3 6.62 81.79 2.58
RT27 20.5 6 53.66 1.87 19.4 7.06 69.72 2.06
P18-97 21.6 6 40.03 1.39 20.0 7.62 81.06 2.22
P19-90 26.0 6 81.83 2.84 25.4 6.60 86.51 2.73
P19-97 264 6 70.13 244 253 7.02 82.82 2.46
P20Z 30.0 6 68.95 2.40 29.6 6.46 74.57 241
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Figure 8. Storage factors and temperature differences for the melting process and to acquire the total
storage capacity for the first phase-transition m-curve (method a), m-curve 6 k (b), m-c-curve (c) and
m-c curve (d) (see Section 2.3 Characterisation).

3.1.3. Thermal-Mechanical Stability

P16-97, 117, P18-97, P19-90 and P20Z emulsions are chosen for the stability evaluations.
All tested PCM emulsions passed this stability test over 100 thermal-mechanical cycles
without optically visible changes like phase separation or creaming. Figures 9-13 depict
the results for the measured emulsions. The rheological data show different changes in the
viscosity over the 100 cycles, which come with the changes in the particle size distribution.
In the viscosity measurements, the lower viscosity value indicates the emulsion ‘s viscosities
at 35 °C and the upper value those at 5 °C, respectively. At the beginning of the tests, the
emulsions show viscosities between 20 and 50 mPa-s, except P19-90, which ranges between
25 and almost 95 mPa-s. Looking at the development of viscosity over the 100 cycles, the
samples exhibit quite different changes. For P16-97, the viscosity at 35 °C is kept more or
less constant at 20 mPa-s, while the upper value at 5 °C rises very linearly with every cycle,
up to 80 mPa-s after 100 cycles. This comes with a change in the particle size distribution,
from a monomodal distribution at the beginning to a bimodal distribution with a fraction
of smaller sizes and a larger fraction at bigger sizes. L17 shows a rise in viscosity at 35 °C
from 20 to 32 mPa-s and from almost 55 mPa-s to 80 mPa-s after 100 cycles at 5 °C. The
particle size increase is minor, and the peak is slightly narrower than at the beginning.
P18-97 keeps the lower viscosity at 20 mPa-s, and the upper values are also more or less
constant with higher values for single peaks. No significant change in the size distribution
is observed. The PCM emulsion P19-90 shows the highest viscosity values in this test. It
reaches over 120 mPa-s after 100 cycles. The size distribution also becomes bimodal, but
contrary to P16-97, the share that turned to smaller sizes is larger than the one grown to
bigger sizes. P20Z also shows a viscosity between 20 and 55 mPa-s at the beginning of the
cycle test. While cycled, both values rise, but the upper value at 5 °C rises faster than the
lower value at 35 °C.
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Figure 9. Thermal-mechanical stability test of Parafol 16-97: (a) viscosity measured between 5 and
35 °C over 100 cycles, and (b) particle size distribution before and after 100 cycles.
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Figure 10. Thermal-mechanical stability test of Linpar 17: (a) viscosity between 5 and 35 °C over
100 cycles, and (b) particle size distribution before and after 100 cycles.
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Figure 11. Thermal-mechanical stability test of Parafol 18-97: (a) viscosity between 5 and 35 °C over
100 cycles, and (b) particle size distribution before and after 100 cycles.
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Figure 12. Thermal-mechanical stability test of Parafol 19-90: (a) viscosity between 5 and 35 °C over
100 cycles, and (b) particle size distribution before and after 100 cycles.

52



Appl. Sci. 2021, 11, 3612

100
90
80
70
60
5

o

4

o

Viscosity/mPas

30
20
10

Volume/%
B

0.01

Figure 13. Thermal-mechanical stability test of Parafol 20z: (a) viscosity between 5 and 35 °C over

20 40 60 80 100
Cycle/-

(a)

—Parafol 202
- —Parafol 20Z 100 cycles

0.1 1 10
Partcle Size/pum

(b)

100 cycles, and (b) particle size distribution before and after 100 cycles.

Figure 14 shows the comparison of enthalpy curves determined before and after this
test. It is visible that all samples show minor changes in the crystallisation curve except
P18-97. P16-97, L17 and P19-90 show slightly but not significantly deeper solidification
temperatures after the test that might be an indication of an unstable nucleation seed. P20Z
reveals an increase in the phase transition temperatures from a liquid to solid, which could
be induced by an increase in particle size. Therefore, in general, it can be stated that those
emulsions showing minor changes in the viscosity and in the particle size distribution also

revealed minor changes in the phase transition behaviour.
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Figure 14. Comparison of the melting and crystallisation behaviours before and after the thermal-
mechanical stability test.

4. Conclusions

In this study, even- and odd-numbered paraffins were used to prepare PCM emulsions
and mixtures. The DSC analyses of the paraffins showed the two-phase transitions of the
odd-numbered paraffins. The even-numbered paraffins shown in the DSC were only one-
phase transitions, except for P20Z, which was a two-phase transition that was close together
in the measurements. Furthermore, all used paraffin mixtures showed less enthalpy than
the pure materials and a larger temperature range for the phase transition from a solid to
liquid and, also, less supercooling. While all used pure paraffins offered total enthalpies
in the range between 207 and 223 k] /kg for the phase transition from a solid to liquid,
the enthalpies of the mixtures P16-97/P18-97 and RT27 were 151 kJ/kg and 157 kJ/kg,
respectively. This was on the same level with the enthalpies of the first transition of the
measured odd-numbered paraffins, which were about 75-77% of their total enthalpy.

The supercooling and storage factors of the PCM emulsions were influenced by the
emulsified PCM and nucleation agent. The odd- and even-numbered paraffins showed dif-
ferent crystallisations in the bulk but similar behaviours when emulsified. Odd-numbered
paraffins kept the two-phase transitions of the bulk materials, while the investigated even-
numbered paraffins showed a second phase transition (different from the bulk materials)
that indicated a phase transition from the liquid to a rotator phase (first transition) and
from the rotator phase to the stable phase (second transition). This behaviour led to a
reduction of up to 27% of the bulk paraffin s phase transition enthalpy for the first transi-
tion, as the emulsion P16-97, for example, showed. It was shown that the purer materials
exhibited more supercooling when emulsified than the blends or mixtures. The results
revealed that, due to this effect, the mixtures and blends were better in terms of the SF
when small temperature intervals were given, which was shown by using a temperature
difference of 6 K (comparing RT27 with P18-97 and P19-90 with P19-97). Additionally, the
mixture of P16-97 and P18-97 had a SF within a 6-K range that was on the same level as
P17-97 (2.11 versus 2.19). If a large melting enthalpy of a bulk material suggests a large
SF for a PCM emulsion, these examples showed that this could not be transferred to the
PCM emulsion directly, because the supercooling and limited temperature intervals of the
applications needed to be taken into account and strongly influenced the SF and, therefore,
the advantage of the emulsions over conventional heat transfer fluids.
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One aspect of the analysed PCMs that could be transferred to the PCM emulsions
was its tendency of supercooling with a decreasing melting temperature. The shorter
the PCM ‘s hydrocarbon chain, the larger the degree of supercooling. Furthermore, the
supercooling of the PCM emulsions was higher using purer materials. This effect was
shown for Parafol 19-90 and Parafol 19-97, as well as for RT27 and P18-97 emulsions.

Therefore, in terms of costs, it is favourable to have knowledge about the specific
temperature interval of an application to consider whether it is more cost-efficient to use
not-so-pure but cheaper PCMs providing a good storage capacity within small temperature
intervals or to choose the more expensive, purer PCMs to provide more storage capacity
when the usable temperature interval is a bit broader.

All the investigated PCM emulsions had similar particle sizes. This indicated that, for
the investigated emulsions, the particle size distribution was dependent on the formulation
rather than on the used PCM. The thermal-physical properties were measured before
and after cycling and showed comparable results for P16-97, L17, P18-97, P19-90 and
P20Z emulsions. None of them showed visible instabilities, such as creaming or phase
separation, after 100 thermal-mechanical cycles in the rheometer, but a major or minor
change in the behaviours and properties was visible for the measured viscosities, particle
size distributions and crystallisation behaviours. Especially, the changes in the viscosity
and particle size were significant and revealed differences. In comparison, the changes in
the melting and solidification behaviours were not so pronounced, and it might be more
difficult to draw conclusions about stability from these DSC results. Nevertheless, there
were some changes visible that might indicate, e.g., the stability of the crystallisation seed
and, due to decreased supercooling, the influence of a change in the particle sizes. In
general, all used measuring techniques could reveal a change of properties and, therefore,
instability before creaming or phase separation was visible and, therefore, provided an
indication of the long-term stability or instability of the PCM emulsions. So far, it is
not known how the observed changes affect the stability of these PCM emulsions under
real usage or what they mean in terms of useful life applications. Therefore, in future
works, the changes of the material properties due to the thermal-mechanical stability test
undertaken in the theometer have to be compared with the stabilities obtained under real
applicational conditions, with the aim of developing a model to predict the real stability of
PCM emulsions on the basis of this accelerated lab test.
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Abstract: The use of latent heat thermal energy storage is an effective way to increase the efficiency
of energy systems due to its high energy density compared with sensible heat storage systems.
The design of the storage material encapsulation is one of the key parameters that critically affect the
heat transfer in charging/discharging of the storage system. To fill the gap found in the literature, this
paper experimentally investigates the effect of the macro-encapsulation design on the performance
of a lab-scale thermal energy storage tank. Two rectangular slabs with the same length and width
but different thickness (35 mm and 17 mm) filled with commercial phase change material were
used. The results show that using thinner slabs achieved a higher power, leading to a reduction in
the charging and discharging time of 14% and 30%, respectively, compared with the thicker slabs.
Moreover, the variation of the heat transfer fluid flow rate has a deeper impact on the temperature
distribution and the energy charged /released when thicker slabs were used. The macro-encapsulation
design did not have a significant impact on the discharging efficiency of the tank, which was around
85% for the operating thresholds considered in this study.

Keywords: thermal energy storage; latent heat thermal energy storage; phase change materials
(PCM); macro-encapsulation; rectangular slab; experimental study

1. Introduction

The use of thermal energy storage (TES) has been proved as an effective way to
enhance the penetration of renewable energy into energy systems. Amongst all thermal
storage technologies, latent heat thermal energy storage (LHTES) received the attention of
several researchers over the last decade due to its high energy density and the wide range
of applications [1]. Buildings, for example, represent one of the most common applications
of the integration of LTHES as an active or passive system [2—4]. For the active systems,
TES can be used in HVAC components or systems to balance the supply of domestic hot
water and heating/cooling demand when renewables are used [5,6], or to reduce the energy
consumption through peak load shifting [7], or free cooling techniques [8]. On the other
hand, passive systems are directly integrated into the building envelope to reduce the
energy demand [9,10]. Other common applications where LTHES can be integrated include
solar thermal power plants, such as concentrated solar power (CSP) [11], solar cooling
applications [12], district heating or cooling [13], waste heat recovery [14], solar process
heat [15], or cryogenic applications [16].

The principle behind LHTES is the use of phase change materials (PCM) as the storage
medium, allowing to store thermal energy at a nearly constant temperature exploiting the
latent heat during the phase transition, for which the most common one is from solid to
liquid to minimize the impact of volume expansions [17]. One of the weaknesses of PCM
is its low thermal conductivity that negatively affects the thermal power involved in the
charging and discharging processes of the energy storage system. Indeed, this represents
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one of the main challenges facing the implementation of PCM in various applications.
However, different strategies and techniques that can be used to improve thermal conduc-
tivity were investigated in the literature. The main solutions that were extensively studied
are the increase in the convection coefficient of heat transfer by means of dynamic systems,
the addition of particles (such as carbon elements, metallic particles, and nanoparticles),
the inclusion of PCM in a metallic matrix, and the increase in the heat transfer area by
using fins, and micro and macro-encapsulation [18-20].

On one hand, PCM micro-encapsulation allows increasing heat transfer surface be-
tween the PCM and the heat transfer fluid. However, for PCM microencapsulation, complex
and expensive processes are needed, such as spray drying (physical method) or interfa-
cial polymerization (chemical methods) [21]. On the other hand, macro-encapsulation
requires a simpler making process resulting in a lower cost [22]. Furthermore, larger
sizes of the container also allow an increase in the mechanical stability of systems [23].
Macro-encapsulated PCM can be designed with different geometries mainly based on rect-
angular [24], cylindrical [25,26], and spherical shapes [27] that can be adapted to different
applications. The effect of the design of macro-encapsulation on the heat transfer perfor-
mance is mostly analyzed by numerical analysis with only a few experimental studies
available in the literature, highlighting a research gap. Amongst the experimental studies
available, Erlbeck et al. [28] and Al-Yasiri and Szab6 [29] experimentally investigated the
thermal behavior of concrete blocks with different shapes of microencapsulated PCM. Is-
mair and Moraes [30] numerically and experimentally evaluated spherical containers made
with different geometries and materials and filled with PCM for cold storage domestic
applications. This paper experimentally analyzes the effect of two different geometries of
macro-encapsulated PCM in rectangular slabs on the performance of an energy storage
tank. The analyzed TES tank is part of the generic heating system designed for the EU
funded project SWS-HEATING (GA 764025). In particular, the PCM tank is used in the
system as a thermal buffer to store the solar energy at low-grade temperature (15 £ 5 °C)
to be supplied to a novel seasonal TES based on selective water sorbent materials. To
the best of the authors knowledge, very few experimental studies on PCM tanks with
rectangular slabs were published in the literature. One of the first papers was published
by Moreno et al. [31] in which the performance of a TES tank filled with commercial PCM
encapsulated in rectangular slabs was compared with the same tank filled with water. The
results showed that the energy storage capacity of the tank filled with PCM was increased
by 35.5% compared with the same tank filled with water. Another study published by
D’Avignon and Kummert [32] reported the results of experimental tests performed to study
the behavior of a real-scale PCM storage at different operating conditions. One of the main
conclusions from the study was that the PCM hysteresis and sub-cooling effects deviate
the expected behavior from the experimental results. Liu et al. [33] used the experimental
results obtained from the testing of a PCM tank filled with rectangular slabs containing a
PCM with a sub-zero melting temperature (—26.7 °C) suitable for refrigerated transport,
and glycol as heat transfer fluid. The developed model was based on a one-dimensional
approach considering the temperature variations along direction of the heat transfer fluid
showing a good agreement with the test. All experimental studies mentioned were carried
out using a fixed design of the PCM tank without changing any boundaries related to the
geometry or the configuration of the storage tank.

However, the geometrical design of the PCM encapsulation has a large influence on
the thermal behavior of the PCM affecting the melting and the solidification process, and
consequently the heat transfer [34]. In the case of rectangular shapes, the aspect ratio
(height to width ratio) is a parameter that has to be taken into account in the design of TES
tanks [21]. This paper shows for the first time a comparison based on experimental results
of the thermal behavior of two different designs of macro-encapsulation of rectangular PCM
slabs. The behavior of a thermal energy storage tank was analyzed using commercial PCM
slabs with different thicknesses. The comparison of the two designs was done in terms of
temperature profile, heat transfer rate, and energy obtained during the discharging process.
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The main results obtained from the experimental tests reported in this paper can be used
as a reference for institutions and manufacturers to optimize future designs of PCM tanks.

2. Materials and Methods
2.1. Materials

The PCM selected in this experimentation was PlusICE 515 (hydrated salt), supplied
by PCM products, United Kingdom [35]. The main thermophysical properties of this
material are shown in Table 1. Moreover, water was used as the heat transfer fluid (HTF).

Table 1. Thermophysical properties of PlusICE S15 [35].

Properties Value
Melting temperature [°C] 15
Latent heat [J/g] 180
Specific heat capacity [k]J/kg-K] 1.90
Density [kg/m?] 1700-1800
Thermal conductivity [W/(m-K)] 043
Maximum operation temperature [°C] 60

2.2. Experimental Set-Up

The experiments presented in this paper were carried out at the laboratory of the
GREiA research group at the University of Lleida in Spain, in a set-up designed to test
and characterize latent heat TES systems for mid-low temperature applications (—20 °C
< T <100 °C). Figure 1 shows a detailed schematic diagram of the experimental set-up
composed by a 25 L inertia water tank, whose temperature is controlled by a vapor
compression cooling unit (Zanotti model GCU2030EDO01B [36]) of 5 kW cooling power, two
immersion thermostats (OVAN TH100E-2kW [37], and JP SELECTA-1kW [38]). The set-up
also integrates: two variable speed pumps, used to control the flow and inlet temperature
at the TES system; and a flow meter Badger meter type ModMAG M1000 [39] with an
accuracy of £0.25 % of the actual value, and the latent heat TES storage. The connections
between components were joined using 0.5” diameter copper pipes insulated with 18 x 0.9
mm polyurethane tubes. The data acquisition system used consisted of 3 STEP DL-01 data
logger [40] connected to a computer that integrates a system control and data acquisition
software (SCADA) developed in InduSoft Web Studio [41]. The data recording interval
was set to 10 s.

Data acquisition system

1
Immersion Water/Glycol :
thermostat Inertiatank :
I
—_— M M —P-I%I-—P —}-]%I- I
=t LI Water/Glycol HTF pump_|_’
pump
< -_——MMMMM— +—
4 Plate heatexchanger 4‘

Air - Water/Glycol

) - Latent heat TES
condensing unit

Figure 1. Schematic view of the experimental set-up used to perform the experimentation.

Figure 2 shows the PCM storage tank connected to the experimental set-up. The tests
were carried out with two different PCM macro-encapsulation designs, namely, ThinICE
and FlatICE (Figure 3). The containers were made in HDPE. The external dimensions of
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each design are reported in Figure 3, characterized by presenting similar length and width
(A and B), but different thickness, with FlatICE dimensions being double that of ThinICE
(C). Furthermore, the (D) dimension reveals that the use of thin macro-encapsulation
enabled a larger distance between the slabs, increasing the space that allows circulating the
HTF through the TES tank. Considering the aforementioned dimensions shown in Figure 3,
the use of ThinICE encapsulation allowed fitting a larger number of slabs inside the tank,
but less amount of latent storage material compared with the FlatICE, as shown in Table 2.

Figure 2. Latent heat TES.

Type of Slab A B C D E F

< ThinICE 250 500 17 16 10 6
FlatICE 250 500 35 10 7 3

B |

Figure 3. ThinICE and FlatICE slabs encapsulation. Dimensions in millimeters.

Table 2. Total weight of PCM inside the tank.

Properties FlatICE ThinICE
Capacity of the slab [liters] 3.2 1.7
Weight of the container [kg] 0.55 0.5
Total weight of a single slab 6.7 38
[kgl
Number of slabs inside the 10 13
PCM tank
Total amount of PCM inside
the tank [kg] 615 419
Total weight of the slabs
inside the tank [kg] 67 494
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The temperature inside the PCM storage was measured using nine Pt-100 class B,
IEC 60751 standard type, with an accuracy of (0.3 + 0.005 - T). The sensors were fixed as
shown in Figure 4 to the external surface of three different PCM slabs placed at the bottom,
middle, and top of the tank, respectively. Moreover, two additional Pt-100 class A IEC
60751 standard type with an accuracy of (0.15 + 0.002 - T) sensors were placed at the inlets
and outlets of the storage tank.

FlatICE slabs

0
: - 7 T8 19
E e o o
6
i
] TOP
7
! A
T4 T5 T6
e o o
ThinlCE slabs .
13
2 [ MID |
10
9
E I )T3
; e o o
1
3
: BOTTOM

Figure 4. Temperature sensors location inside the storage tank.

2.3. Methodology

The experimental tests consisted of performing four different charging and discharging
processes to evaluate the effect of the PCM macro-encapsulation design and the flow rate on
the temperature distribution, heat transfer rate, and energy stored/released. At least three
repetitions of each process were performed to ensure repeatability. A summary of the flow
rates and temperatures used in the experimentation is shown in Table 3. Furthermore, the
heat losses in the worst-case scenario analyzed represent 4% of the charging/discharging
energy, therefore the analysis of heat losses was not included in the paper.

Table 3. Summary of the main parameters of the processes.

PCM Tank
Flow Rate HTF Inlet Average
Process Slab Type . Temperature Initial Code
[L/min] A
[°Cl] Temperature
[°Cl

Charge ThinICE 2 25 5+1 C_ThinICE_2L
Charge ThinICE 4 25 5+1 C_ThinICE_4L
Charge FlatICE 2 25 5+1 C_FlatICE_2L
Charge FlatICE 4 25 5+1 C_FlatICE_4L
Discharge ThinICE 2 5 25+1 D_ThinICE_2L
Discharge ThinICE 4 5 254+1 D_ThinICE_4L
Discharge FlatICE 2 5 2541 D_FlatICE_2L
Discharge FlatICE 4 5 25+1 D_FlatICE_4L

To perform a charging process, HTF was first circulated through the PCM tank until
all sensors inside the tank reached a temperature of 5 + 1 °C. Then, the HTF inlet tem-
perature was set at 25 + 1 °C and the flow rate was set to the corresponding value of the
experiment shown in Table 3. The charging process was considered complete when the
HTF temperature at the outlet of the tank reached 25 °C. To perform a discharging process,
HTF was first circulated through the PCM tank until all sensors inside the tank reached
a temperature of 25 £ 1 °C. Then, the HTF inlet temperature was set at 5 = 1 °C and the
flow rate was set to the corresponding value of the experiment in Table 3. The discharging
process was considered complete when the HTF at the outlet of the tank reached 7 °C.
This value was used instead of 5 °C because a minimum temperature difference of 2 °C was
assumed between inlet and outlet of the storage tank as a constraint from the demand side.

63



Appl. Sci. 2021, 11, 6171

2.4. Uncertainties Analysis

The impact of the uncertainties in the calculated parameters from the different mea-
surements was evaluated by performing an uncertainty analysis using the Kline McClintock
method. The uncertainties of the different monitored parameters are shown in Table 4. HTF
specific heat capacity and density were calculated following the correlations presented in
Equations (1) and (2) [42]:

pure = 1.38:107° - Typp — 5.63-1072 - TA1p +3.6:1072 - Tl + 1000 (1)

Cpurr = 2.69-1077 - Thpp — 6.63-1077 - T3pp +6.67-107° - Thpp —2.67-107° - Thyp +421  (2)

Table 4. Uncertainties of the different parameters involved in the analyses of the present study.

Parameter Units Sensor Accuracy
o Pt-100 1/5 DIN class
Temperature C B IEC 60751 +0.3+0.005-T
o Pt-100 1/5 DIN class
Temperature C A TEC 60751 +0.15+0.002 - T
. Badger meter type o
Flow rate L/min ModMAG M1000 +0.25%

By applying Equation (3) to the different parameters [43], the uncertainties of the HTF
thermophysical properties (density and specific heat) as well as of the heat transfer rates and
total stored/released energy were estimated. The uncertainty of the HTF thermophysical
properties and heat transfer rates was estimated at each registered time step, and then the
mean value was used. Table 5 shows the average uncertainties of the HTF density, specific
heat, heat transfer rate, and stored /released energy during the different processes carried out:

oR 2 /3R 2 9R 2172
Wr = l(zmwm) + <axz'wxz> oo+ (axn'wx"> ] 3)
where Wr, is the estimated uncertainty in the final result, R the function which depends on

the measured parameters, x; is the different independent monitored parameters, and wy is
the uncertainties associated to those independent parameters.

Table 5. Estimated uncertainties of the HTF thermophysical properties, heat transfer rate, and
cumulated energy.

Heat Transfer

Test Densitysr Specific Hoeat Rate Accumulated

[+kg/m’] [+k]J/kg - °C] [L1W] Energy [+k]]
C_ThinICE_2L +1.28 +2.44 1072 +0.039 +19
C_ThinICE_4L +1.28 +2.42.1072 +0.055 +19
C_FlatICE_2L +1.27 +2.43 1072 +0.038 +23
C_FlatICE_4L +1.28 +2.45 . 1072 +0.054 +24
D_ThinICE_2L +5.5-1072 +295.1073 +0.039 +19
D_ThinICE_4L +5.6-1072 +3.05-1073 +0.055 +20
D_FlatICE_2L +53-1072 +2.77 1073 +0.039 +23
D_FlatICE_4L +5.6 - 1072 +3.21-1073 +0.055 +23

3. Results and Discussion
3.1. Temperature Evolution during the Charging Process

Figure 5 shows the charging temperature profile of all sensors placed at the surface of
the slabs for the two PCM encapsulation design at different flow rates. To analyze the effect
of the encapsulation design in the charging duration, both slabs types were compared at
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the same flow rate. Due to the higher heat transfer surface and the reduced amount of
PCM (30% less according to Table 3) when using ThinICE slabs, at both flow rates, the
experiment with the ThinICE slabs reached full charge (T_out = 25 °C) 14% faster than with
FlatICE. Furthermore, when analyzing the impact of the flow rate, in both slab designs the
experiments show that at 4 L/min the full charge is reached 60% faster than at 2 L/min.

30
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7_T_ T
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Figure 5. Charge PCM slab temperature profile for different slabs and HTF flow rates: (a) C_ThinICE
and 2 L/min, (b) C_FlatICE and 2 L/min, (¢) C_ThinICE and 4 L/min, and (d) C_FlatICE and 4
L/min. Note: The red line denotes the end of the charging experiment (T_out = 25 °C). The time axis
is not presented on the same scale in all the figures.

When comparing temperature distribution inside the tank (Figure 5), a constant
stratification profile between the top, middle, and bottom slabs was observed in all the
experiments. This effect was more pronounced in the tests performed with FlatICE slabs in
which the lower part of the tank takes longer to charge, obtaining a temperature gradient
up to 15 K between the coldest and hottest regions of the tank. This can be explained
by the fact that the tank with FlatICE fits a lower number of slabs, as well as presenting
smaller HTF channels compared with the tank with the ThinICE design (Figure 3, Table 2).
Therefore, in this tank, the opposition to the HTF flow is higher, enhancing the distribution
of the latter towards the regions of the tank where the density is more similar to the HTF
inlet one (i.e., upper and middle region of the tank).

3.2. Heat Transfer Rate Evolution and Total Energy Stored in the Charging Process

Figure 6 presents the evolution of the heat transfer rate (HTR) during the charging
process of the four studied cases. Due to the characteristics of the experimental set-up,
at the beginning of the experiment, the inlet temperature of the tank oscillated £2 °C
with respect to the desired temperature, affecting the initial peak of the heat transfer rate.
However, the inlet temperature stabilized (with Tin standard deviation lower than 0.3)
before the temperature inside the tank reaches the latent range of the PCM. The HTR
profiles showed an exponential behavior with significantly higher values during the first
20 min of the process when the heat is mainly transferred to the HTF inside the tank
and, therefore, rapidly increases its temperature. Afterwards, while the PCM temperature
increases, the values of the heat transfer exponentially decrease until minimum values.
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Figure 6. Evolution of the HTF heat transfer rate during the charging processes of the four study
cases presented in this study.

During the first 1.5 h of operation, ThinICE_2L and FlatICE_2L showed similar HTR
values, which indicates that, due to the low flow rate, the heat transfer by convection is
low. Therefore, the higher heat transfer surface area existing with ThinICE slabs is not
fully exploited. Moreover, after 1.5 h the HTR delivered to the ThinICE_2L decreases faster
than the one delivered to the FlatICE_2L due to the higher amount of PCM introduced into
the tank with FlatICE slabs. At a higher flow rate, heat transfer by convection increases.
Therefore, during the first 1.5 h of operation, the bigger heat transfer surface area present
with ThinICE_4L slabs increases its HTR over FlatICE_4L. After this period, and similar to
the results at 2 L/min, the power delivered to the ThinICE_4L decreased faster than the
one delivered to the FlatICE_4L.

When analyzing the effect of the flows in each slab type, the influence is greater in the
tank with ThinICE slabs obtaining, after the initial peak, up to 0.4 kW more in ThinICE_4L
than in ThinICE_2L. In the case of the tank with FlatICE, this increase drops to 0.1 kW when
comparing FlatICE_4L vs FlatICE_2L. The latter results corroborate the statement above;
the increase in heat transfer by convection, as the flow rate increases, is more pronounced in
the tank with ThinlCE slabs due to the larger heat transfer surface and the lower thickness
of the PCM layer using this type of slab.

Figure 7 reports the total energy stored for each experiment condition. The results
with ThinICE slabs show that the flow variation did not affect the total stored energy,
suggesting the correct utilization of the energy storage capacity of the PCM. Conversely,
when analyzing the tank with FlatICE slabs, the charging experiments at 4 L/min stored
10% less energy than the same experiment at 2 L /min. This is due to changes in the flow
rate distribution between the slab channels inside the tank when increasing the flow rate.
At the end of the experiment, (T_out 25 °C) with FlatICE at 4 L/min, the PCM in the bottom
slabs of the tank had not completed the phase change (Figure 5) and therefore stored 8%
less energy.
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Figure 7. Total energy delivered to the PCM storage tank during the charging processes of the four
study cases presented in this study.

3.3. Temperature Evolution during the Discharging Process

Figure 8 shows the discharging temperature profile of all sensors placed at the surface
of the slabs at two different mass flow rates. Analyzing the influence of the PCM encapsula-
tion design on both flow rates, the tank with ThinICE slabs finished the discharging process
30% faster than with FlatICE slabs. This can be explained by the higher heat transfer
surface and the lower amount of PCM (30% less according to Table 3) when using ThinICE.
Moreover, when analyzing the influence of the flow rate, Figure 8 shows that for both slab
types at 4 L/min the experiments were completed 50% faster than at 2 L /min.
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Figure 8. Discharge process PCM slab temperature profile for different slabs and HTF flow rates:
(a) ThinICE and 2 L /min, (b) FlatICE and 2 L/min, (¢) ThinICE and 4 L/min, and (d) FlatICE and
4 L/min. Note: The red line denotes the end of the charging experiment (T_out = 25 °C). The time
axis is not presented on the same scale in all the figures.

When comparing temperature distribution inside the tank (Figure 8), a similar temper-
ature profile between the top, middle, and bottom slabs was observed in all the experiments
performed with ThinICE slabs. Moreover, this behavior changed with the use of the Flat-
ICE, where the stratification and the profile temperature inside the tank depends on the
mass flow rate.
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3.4. Heat Transfer Rate Evolution and Total Enerqy Released in the Discharging Process

The HTR evolution during the discharging process for all the experimental cases is
shown in Figure 9. In all the experiments the profiles showed a similar trend. Significantly
higher values were obtained during the first 20 min of the process when the heat is mainly
transferred from the HTF inside the tank followed by an exponential decrease while
the PCM decreases its temperature until minimum values are reached. Furthermore, in
this case, due to the characteristics of the experimental facility, at the beginning of the
experimentation the inlet temperature of the tank oscillates +2 °C around the desired
temperature, affecting the initial peak of power. However, the inlet temperature stabilizes
(T_in standard deviation lower than 0.3 °C) before the temperature inside the tank reaches
the latent range of the PCM. After the initial peak and during the first 1.5 h of operation,
ThinICE_2L shows slightly better performance getting up to 0.1 kW more HTR than
FlatICE_2L. Moreover, due to the lower amount of PCM in the storage tank with ThinICE
slabs, after 1.5 h the HTR delivered by ThinICE_2L decreases faster than the one delivered
by FlatICE_2L. At 4 L/min, after the initial peak and during the first 1.5 h, similar results to
2 L/min are obtained. Moreover, after 1.5 h the HTR of ThinICE_4L drastically decreases,
therefore for the next 2 h (from 1.5-3.5 h) FlatICE_4L maintains an HTR up to 0.4 kW higher
than ThinICE_2L.

—e— ThinICE_4L —— ThinICE_2L—— FlatiCE_4L FlatiCE_2L
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Figure 9. Evolution of the HTF heat transfer rate during the discharging processes of the four study
cases presented in this study.

Figure 10 reports the total energy released for each experiment conditions, and the
percentage it represents with respect to the energy stored in the charging process (Figure 7)
in each case. Analyzing the effects of flow rate, similar to the charging, both experiments
with ThinICE slabs showed a comparable energy release, suggesting a correct utilization of
the energy stored in the PCM. In the case of FlatICE slabs, experiments at 2 L/min released
10% more energy compared with 4 L/min. This is supported by the fact that in the charging
process the tank at 2 L/min manages to store 10% more energy than at 4 L/min (Figure 5).
In addition, it is interesting to note that in all cases of the selected operating threshold
approximately 85% of the energy stored in the tank was discharged.
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Figure 10. Total energy released by the PCM storage tank during the discharging processes of the
four study cases presented in this study.

4. Conclusions

Macro-encapsulation of phase change materials (PCM) represents one of the most
widely used techniques for the implementation of latent heat thermal energy storage
systems. The design of the macro-encapsulation is fundamental to archive the best com-
promise between optimal heat transfer performance and energy stored. However, current
literature lacks experimental data on the effect of macro-encapsulation in the performance
of latent heat thermal energy storage.

This paper analyzed, through an experimental study, the effect of the design of macro-
encapsulated PCM on the thermal behavior of a latent heat thermal energy storage tank
during both the charging and discharging processes. In this study, external dimensions
of the energy storage tank were fixed and two different types of commercial slabs with
different thickness filled with the same PCM were tested. The results could be particularly
useful to evaluate the best configuration of storage medium when the storage tank is
limited with a fixed volume.

The results were compared in terms of temperature profile, heat transfer rate, and
energy stored/released. The results and the conclusions obtained from this study can be
applied to similar configuration of the PCM storage that aim to use rectangular macro-
encapsulated slabs as storage medium. The lesson learnt from this study suggests that
macro-encapsulation design has a relevant impact on the heat transfer during both charging
and discharging processes, so the design of the TES unit should be done and analyzed
according to the requirements of the application.

The use of a thinner macro-encapsulation design (ThinICE) allowed fitting a larger
number of slabs inside the tank. However, the higher amount of encapsulation material
and the larger distance between the slabs (i.e., higher HTF channels height) resulted in a
30% less amount of PCM introduced inside the tank with this encapsulation design.

With ThinlCE slabs, the temperature profiles were less affected by the influence of
the mass flow rate, promoting a stratified temperature profile inside the tank in both the
charging and discharging processes. Using FlatICE, this effect is more pronounced at low
flow rates due to the smaller height of the channels that obstructed the flow at the bottom
of the tank during charging and at the top of the tank during discharging. However, at
high flow rates, the stratification is reduced with the use of thicker slabs, especially during
the discharging process.

In all the discharging tests, when the outlet temperature of the tank reached 7 °C,
approximately 85% of the energy previously stored in the tank was discharged.

The effect of increasing the heat transfer surface using ThinICE slabs on the power
delivered by the storage tank is mostly appreciated at a higher flow rate where the heat
transferred by convection is higher. Furthermore, using thinner slabs, the higher heat
transfer surface area achieves a higher discharging power but is delivered for a shorter
period of time. Therefore, for longer discharging periods and for higher storage capacity
given a fixed volume of storage tank, the use of FlatICE should be preferred.
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Abstract: Kinetic characteristics of thermal energy storage (TES) using tetrabutylammonium acrylate
(TBAACc) hydrate were experimentally evaluated for practical use as PCMs. Mechanical agitation
or ultrasonic vibration was added to detach the hydrate adhesion on the heat exchanger, which
could be a thermal resistance. The effect of the external forces also was evaluated by changing their
rotation rate and frequency. When the agitation rate was 600 rpm, the system achieved TES density
of 140 MJ/m? in 2.9 h. This value is comparable to the ideal performance of ice TES when its solid
phase fraction is 45%. UA/V (U: thermal transfer coefficient, A: surface area of the heat exchange coil,
V: volume of the TES medium) is known as an index of the ease of heat transfer in a heat exchanger.
UA/V obtained in this study was comparable to that of other common heat exchangers, which
means the equivalent performance would be available by setting the similar UA /V. In this study, we
succeeded in obtaining practical data for heat storage by TBAAc hydrate. The data obtained in this
study will be a great help for the practical application of hydrate heat storage in the future.

Keywords: lathrate hydrate; thermal energy storage; tetrabutylammonium acrylate (TBAAc); crystal
growth; ultrasonic vibration

1. Introduction

The use of sustainable, renewable energy sources is becoming increasingly important
as global attention on environmental issues increases. However, the amount of electricity
generated by renewable energy sources such as wind and solar power fluctuates greatly
depending on the natural environment. In recent years, energy consumption has been
increasing. It is essential to have a technology to fill the gap between the amount of
electricity generated and the demand. These technologies would contribute to the load
leveling [1].

In particular, the recent development in information and communication technology
(ICT) (e.g., Internet of Things, 5G communications, cloud computing, big data) has pro-
duced a great demand for data centers (DCs). In 2020, the rapid spread of remote working
due to the pandemic also boosted demand for DCs. The industrial use of these technologies
is also driving this trend [2,3]. Masanet et al. [4] estimated that the electricity use in DCs
accounted for 1% of worldwide electricity use in 2020. This trend will make DCs even more
energy-intensive and will increase the cost of cooling the heat generated and the amount of
electricity used [5]. Considering the generalization of ICT and the widespread use of the
fifth-generation mobile communication system, the amount of communication will further
increase worldwide. The importance of data centers will increase to support the exchange
of huge amounts of data. A suitable cooling system will be able to keep the appropriate
temperature. In addition, such systems are significant to realize the zero-downtime of a
DC operation with low cost.
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DC cooling systems are classified into two types. One is an air-based cooling sys-
tem [6,7]. The other one is a liquid cooling system [8]. As for air-based system, the heat
emitted from the computer is removed by air flow. The main drawback of this system is
a low thermal conductivity, less than 0.03 W m~! K=! [9]. On the other hand, in a liquid
cooling system, the heat is removed by the thermal conduction and convection into the
liquid, mostly water. A liquid cooling system is inclined to be bigger and heavier because
that system utilizes only sensible heat, which has low energy density. Thermal energy
storage technology is used to store the heat energy with the heat capacity of substance.
When the demand of the electricity is low, the surplus electricity is stored as cold energy.
Then, the stored energy is changed to electricity when the demand increases, for example,
daytime peak in power usage [10,11].

Phase Change Materials (PCMs) can be a competitive system for thermal energy
storage because they can also utilize latent heat, which has a higher energy density [12-16].
Organic compounds and water are representative examples of PCMs for DC cooling. As
for organic PCMs, they often have problems in terms of safety. For example, paraffin is
known as an organic PCM, but it is not safe because of its flammability [17]. Water is not
suitable because its phase change point is outside the range of operation temperature in
DCs, 288 K to 305 K [18].

Utilizing clathrate hydrate for a thermal energy storage medium has been proposed
as a better idea than water or an ice-based medium [19-23]. Clathrate hydrates, ice-like
compounds, are formed when some gases have contact with water or ice under high
pressure and/or low temperature [24]. The gases encapsulated in clathrate hydrates are
called guest compounds. Clathrate hydrates have enormous potential for industrial usage
thanks to their thermodynamic properties [19,22,25-28]. Considering the application for
thermal energy storage medium, equilibrium temperature should be suitable for the DC
operation temperature. Favorable equilibrium temperature can be obtained appropriately
by selecting the guest compounds [29-31].

Until now, only tetrabutylammonium bromide (TBAB) hydrate has been commercially
applied as a hydrate PCM for air conditioning. The thermodynamic properties of TBAB
hydrate have been reported in the previous studies. TBAB hydrate has an equilibrium
temperature at an atmospheric pressure of 285.9 K [32], a dissociation heat of 193 k] /kg [33],
and the thermal conductivity of 0.35 W m~! K~! [34]. As reported by ASHRAE Technical
Committee [18], the appropriate temperature range of DC cooling is 288 K to 305 K. This is
why TBAB hydrate is not favorable for DC cooling.

Sakamoto et al. [35] studied the thermodynamic properties of tetrabutylammonium
acrylate (TBAAc) hydrate. According to the study, TBAAc hydrate had the highest equilib-
rium temperature of 291.5 K at wrpaac = 0.36, where wrpaac is the mass fraction of TBAAc.
The greatest dissociation heat, a latent heat, of 195 kJ /kg was obtained at wgaac = 0.33
under ambient pressure. As for the thermal conductivity of ionic semiclathrate hydrates,
Fujiura et al. [34] studied the value of tetrabutylammonium bromide (TBAB) hydrate and
tetrabutylammonium chloride (TBAC) hydrate, which have similar characteristics with
TBAAc hydrate. They reported that TBAB hydrate and TBAC hydrate have thermal con-
ductivity of approximately 0.40 W m~! K~1. According to the report by ASHRAE Technical
Committee [18], the cooling system for DCs is required to be set from 288 K to 305 K. From
the aspect of operation temperature in DCs, it can be said that TBAAc hydrates are suitable
for utilizing in DC cooling as PCMs. Also, the dissociation heat of the TBAAc is larger
than that of TBAB hydrate, which has been commercialized in the industrial area [33,35].
Given these advantages, TBAAc hydrates could be better PCMs for DC cooling. This is
why it has significant meaning to practically evaluate the performance of TBAAc hydrates
as PCMs. As a step for industrial use of TBAAc hydrate, we performed kinetic thermal
energy storage experiments with TBAAc hydrate.

Based on these results, we obtained the data of energy storage density and energy
storage rate during the experiments. During the experiments, we also found the adhesion
of the hydrate to the surface of the heat exchanger. As the adhered hydrate is the thermal
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resistance to the further hydrate formation, we used an agitator or an ultrasonic transducer
to break the adhesion. By comparing the data with and without external forces, such as the
agitation and ultrasonic waves, we obtained the practical data for a hydrate-based thermal
energy storage system in DC cooling.

2. Materials and Methods
2.1. Materials

The details on reagents used in this study were summarized in Table 1. Tetrabuty-
lammonium Acrylate (TBAAc) aqueous solution was obtained by neutralizing Tetra-
buthylammonium hydroxide (TBAOH) aqueous solution, 1.52 kg, (0.40 mass fraction,
Sigma Aldrich Xo. LLC, Saint Louis, MO, USA) and Acrylic acid, 0.17 kg, (0.99 mass frac-
tion in liquid reagent, Sigma Aldrich Xo. LLC, Saint Louis, State of MO, USA). Also, we
added laboratory-made H,0O, 0.35 kg. The mass fraction of TBAAc (wrpa4,)) was 0.36.
The masses of all reagents were measured by an electronic balance (GF-600, A&D Co. Ltd.,
Tokyo, Japan) with an expanded uncertainty of & 0.004 g (coverage factor, k = 2).

Table 1. Specification of the reagents used in this study.

Name

Chemical Formula Supplier Purity

Tetrabuthylammonium

hydroxide

0.40 mass fraction in aqueous

(CH3CH,CH,CH,),NOH Sigma-Aldrich Co. LLC solution

Acrylic acid

0.99 mass fraction in liquid

CH,=CHCOOH Sigma-Aldrich Co. LLC
reagent

Tetrabuthylammonium

(CH3CH,CH,CH,)sNOOCHC=CH,

0.36 mass fraction in aqueous
solution after the

Laboratory made from above L.
neutralization process

Acrylate solution The standard uncertainty of
mass fraction was + 1.0x10~%
Water H,0 Laboratory made Electrical conductivity was

less than 0.1 uS/cm

2.2. Apparatus

The schematic diagram of the experimental apparatus is illustrated in Figure 1. The
insulating container’s width, length and height are all 150 mm. Cooling water was circu-
lated inside a copper coil tube (inner diameter 6.35 mm, outer diameter 4.35 mm) for heat
exchange. This coil’s diameter, pitch and number of turns are 100 mm, 10 mm, and 7 times,
respectively. The temperature and flow rate in the coil was controlled by a chiller (CTP-3000
EYELA, Tokyo Rikakikai Co. Ltd., Tokyo, Japan) and flowmeter with a precision needle
valve (RK 1250, KOFLOC Kyoto, Kyoto, Japan). As shown in Figure 1, the temperature
of cooling water and TBAAc were measured by three platinum resistance temperature
detectors (222-055, Electronic Temperature Instrument Ltd., West Sussex, UK) with an
uncertainty of & 0.1 K (k = 2). The surface of the coil would be covered with hydrate during
the experiment. This hydrate prevents the heat exchange between the heat exchanger and
thermal energy storage medium. We used an ultrasonic transducer (HEC-45282, HONDA
Electronics Co. Ltd., Tokyo, Japan) or an agitator (SM-103D, Kenis Ltd., Osaka, Japan) to
prevent the hydrate deposition.

2.3. Procedures
We made 2.0 kg of TBAAc aqueous solution by mixing the above reagents and put
them in the container. The entire system was confirmed to be stationary at 298 K. Tj,

(outlet of the chiller) and flow rate, V3, of the cooling water were controlled at 291 K and
5.0 x 10~* m3/min. Then, we started the thermal energy storage with TBAAc hydrate. We
set t = 0 when we started the circulation of the cooling water. The time evolution of Tjy,,
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Tout (temperature at inlet of the chiller) and Tpcy were measured every 10 s to evaluate
the kinetic aspect of TBAAc hydrate as a thermal energy storage medium.

We performed such experiments in three systems. First, we did not add any external
forces to the apparatus. Second, we used a rotating-impeller agitator to break adhesions
between the hydrate and the coil. Third, we used the ultrasonic wave instead of mechanical
agitation. In the system where the agitator was used, we also investigated the effect of
rotation rate of the agitator by changing the rate to 100 rpm, 300 rpm and 600 rpm. Similarly,
we investigated the effect of the frequency of ultrasonic waves on the system by changing
the frequency. The frequency was set at either 28 kHz or 56 kHz.
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Figure 1. Schematic diagram of the apparatus.

3. Results and Discussion
3.1. The System without Any External Forces (Static System)

Initially, we reported the thermographs of Tetrabutylammonium Acrylate (TBAAc)
hydrate obtained by a differential scanning calorimeter (DSC). Figure 2 shows the thermo-
graphs, which were measured at wrp4 4. = 0.33 and 0.36. A single peak was observed, and
the existence of ice was not identified at wrga . = 0.33.

As for the system without any external forces (static system), we performed thermal
energy storage experiments. We measured Ti,, Tout, and Tpcy. Figure 3 shows the time
evolution of each temperature. Time zero indicates the time at which the circulating water
is started to flow inside the coil. As shown in Figure 3, Tpcy decreased until t = 1.5 h and
increased from t = 1.5 to t = 4 h. When Tpcy is increasing, TBAAc hydrate formation would
occur because the Tpcy was 10 K lower than its equilibrium temperature, 291.5 K [35].
After the hydrate formation, the heat generation from the hydrate formation occurred and
exceeded the endothermic of the heat exchanger. This was why Tpcy rose from t = 1.5
to t =4 h. Tpcm moderately decreased again at t = 4 h when Tpcy was 288 K. At this
moment, the formed TBAAc hydrate gradually grew around the heat exchanger as shown
in Figure 4d. This adhesion would be the thermal resistance between the heat exchanger
and thermal energy storage medium much lower than before. Then, the hydrate formation
rate decreased due to the increased thermal resistance, and Tpcy decreased because the
endothermic of the heat exchanger exceeds the heat generation from hydrate formation.

Figure 4a—d illustrates the optical observation of the time evolution of the hydrate
formation. The hydrate was formed on the surface of the heat exchanger. Heat exchange
occurs on the heat exchanger surface, which leads to hydrate formation occurring there.
From t =1.5h to t = 2 h, the hydrate gradually grew and started covering the coil surface.
The surface of the coil was fully covered by the hydrate around t =4 h. Aftert="7h,
optical changes could not be observed. In addition, we found that the TBAAc hydrate
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kept growing from the surface of the coil to the bulk of the solution. There was a 3 cm gap
between the surface of the coil and the wall of the container. This discovery of the hydrate
growth length can be a tip to design a static thermal energy storage system. Thermal energy
storage rate, ¢, and density, 7, were calculated by the formulas (1) and (2). What every
character stands for is written in Table 2. On the right-hand side of (2), the thermal energy
storage density due to sensible heat is subtracted from the thermal energy storage density,
which is obtained by integrating the thermal energy storage rate.

4= 0 Vol (Tout — Tin) / Vocum (1)
t
7=Y_qdt —ppcmcpcm(Trem, 0 — Tecm) )
=0
1 | 1 1
0F _
o 0.5} .
- .
2 ;
= _1 .O = \x H -
Q
©
g 15} ]
=
©
()
T 20} ]
_25 | | | |
-10 0 10 20 30

T/K

Figure 2. The DSC heating curves measured at wrgaa. = 0.33 and 0.36. e: wrpaa. = 0.36,
P WTBAAc = 0.33.
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Figure 3. Time evolutions of the temperature at inlet of the chiller (Tjy), outlet (Tout) of the chiller
and thermal energy storage medium (Tpcy) in the static system.
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t=4h "~ t=7h

Figure 4. Crystal growth of TBAAc hydrate on the surface of the heat exchanger coil. (a—d) illustrate
the optical measurement of the hydrate formation att =2, t = 2.5, t =4 and t = 7, respectively.

Table 2. The value of each parameter in the calculation.

Parameter
Density, p,, (Water) 999.8 kg/m3
Volumetric flow rate, V,, (Water) 8.3 x 1075 m3/s
Specific heat at constant pressure, ¢, (Water) 4.20K]/ (kg K)
Density, opcy (PCM) 1.0 kg/m3
Specific heat at constant pressure, cpcys (PCM) 4.20 K]/ (kg K)

The obtained thermal energy storage density represents the heat storage density due
to heat of hydrate formation and decomposition. The density of the PCM is assumed to be
1.0 kg m 3. The value of each parameter used in the calculation is shown in Table 2. The
physical property of water was referred to REFPROP ver. 9.1 [36].

Figure 5a illustrates the time evolution of the thermal energy storage rate in the static
system. Since g is proportional to the gap between Tj, and Toyt, g varied the same way
with Tout. Immediately after the start of the experiment, g decreased as Toyt decreased, and
as Tout approached Ti,, g approached 0. After that, g increased at t = 1.5 h and reached
around 9 kW/m?3. This is due to the increase in Toyt caused by the heat generation from
hydrate formation and growth, as described above. After t =3 h, as T,y descended to
be tangent to Tj,, g descended to 0 with some fluctuations. Figure 5b illustrates the time
evolution of thermal energy storage density. Since 7 indicates the thermal energy density
by hydrate growth and decomposition, there is no change right after the experiments
start. As the hydrate grew, thermal energy storage density increased. The rate of increase
gradually became slower. The hydrate formation rate got slower due to the decreased heat
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conductivity around the heat exchanger coil. This is why the increasing rate of thermal
energy storage density decreased. Thermal energy density reached 96 MJ/m?3 in 10 h.
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Figure 5. Time evolution of thermal energy storage rate and density in static system. (a,b) depict the
thermal energy storage rate and density, respectively.

It is known that the solid phase fraction of ice thermal storage increases significantly
with time up to around 30%, but the increasing rate decreases after about 40-50%. There-
fore, it is favorable to design a thermal energy storage system that has a solid phase
fraction of 40-50% [37]. For example, when the solid phase fraction is 45% in an ice ther-
mal energy storage system, thermal energy storage density is approximately 140 MJ/m3.
Oyama et al. [33] reported that TBAB hydrate, which is the only commercially available
hydrate PCM, has the heat for formation and decomposition of approximately 200 MJ/m?.
Assuming the TBAAc hydrate has 200 MJ/m? of heat in hydrate formation and decomposi-
tion, the thermal energy storage density corresponds to a solid phase fraction of 48%.

3.2. In the System with Mechanical Agitation

As written in 3.1., the surface of the heat exchanger coil was covered by hydrate. This
hydrate adhesion increased thermal resistance. To solve this problem, mechanical agitation
was used. In addition, to investigate the effect of the rotation rate, we changed the rate to
100 rpm, 300 rpm and 600 rpm. Figure 6a—c shows the time evolution of Tj,, Tout and Tpcm
in each rotation rate. Time zero was defined as the time at which the circulating water
is started to be flown. In every rotation rate, Tpcy decreased twice after the experiment
started and temporarily increased. In the agitated system, Tpcy increased earlier than
the static system. As the rotation rate became quicker, Tpcy increased earlier. When
Tpcm increased, the temperature was around 282 K, which is the same as the static system.
This result indicates that the forced convection generated by the agitation increased the
convective heat transfer coefficient, which resulted in faster cooling of the heat storage
medium and thus faster nucleation. Tpcy increased rapidly more than the static system,
which was almost vertically to around 288 K. This would be due to the increase in heat and
mass transfer rates caused by the forced convection generated by the agitation, which led
to the increase in the hydrate growth rate.

Tpcwm changed from a rise to a fall around 288 K and then descended slowly. As
the hydrate grew, the viscosity of the heat storage medium increased and the forced
convection was weakened, which lowered the hydrate formation rate. Tpcy decreased
because the hydrate growth rate became smaller, and the heat absorption by the heat
exchanger exceeded the heat generated from hydrate formation.

Figure 7a—c shows the pictures of crystal growth in the system when the mechanical
agitation rate was 300 rpm. At t = 0.6 h, numerous small crystals began to float in the
aqueous solution. After t = 0.7 h, hydrate was formed in the entire aqueous solution. The
hydrate nucleation occurred in the entire aqueous solution. This was because of the forced
convection generated by the agitation, which stripped the hydrate from the heat exchange
coil and suspended it in the aqueous solution. This convection increased the hydrate
growth rate as well. Within a few minutes, the heat exchange coil was only faintly visible
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by the hydrate, as shown in Figure 7b. The hydrate formation has progressed and the
viscosity increased as shown in Figure 7c, after which little change was observed.
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Figure 6. Time evolutions of the temperature at inlet of the chiller (Tj,), outlet (Toyut) of the chiller
and thermal energy storage medium (Tpcy) in the system with the mechanical agitation. (a—c) depict
each curve at the agitation rate of 100 rpm, 300 rpm and 600 rpm, respectively.
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Figure 7. Optical observation changing in the container with mechanical agitation of 300 rpm.
(a—c) are the pictures at 0.6 h, 0.7 h and 1 h after cooling water started to be circulated, re-spectively.
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We visually observed that TBAAc hydrate formed and grew to the bulk of the solution.
The gap between the heat transfer surface and the corner of the container was about
5 cm. In other words, when the cooling temperature was 10 K lower than the equilibrium
temperature, TBAAc hydrate formed and grew at a distance of more than 5 cm from
the heat transfer surface in the agitated system. The same tendency was observed at the
rotation rate of 100 rpm and 600 rpm.

Figure 8a shows the time evolution of thermal energy storage density. To make a
comparison with the static system, the time evolution of the static system is also shown in
Figure 8a. Regarding the thermal energy storage rate, g is proportional to the difference
between the inflow temperature Tj, and the outflow temperature Toyt. This was why g had
almost the same trend as the Toyt change in the static system. As Toyt increased rapidly
more than the static system, g increased rapidly more than the static system as well, rising
almost vertically. The maximum thermal energy storage rate at that time was about 6 to
8 times faster than that of the static system. The larger the rotation rate of the agitation
increased the value of 4. After a rapid increase, the change in § suddenly turned into a
downward movement and gradually descended to 0. This was because the hydrate had
grown, and the viscosity had increased, which resulted in less convection.
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Figure 8. Time evolution of thermal energy storage rate and density in the agitated system (a,b) depict
the thermal energy storage rate and density, respectively.

As shown in Figure 8b, 7 in the agitated system increased earlier than that in the
static system, and the higher rotation rate of the agitation increased g earlier. This was
because the temperature of the thermal energy storage medium was lowered quickly
by forced convection, and thus hydrate nucleation also occurred quickly. The thermal
energy storage density § was larger than that of the static system and increased by a higher
rotation rate. This was because the forced convection caused by the agitation allowed
hydrate to be formed in the entire bulk of the solution. In the agitated system with the
rotation rates of 100 rpm, 300 rpm and 600 rpm, thermal energy density reached 121 MJ/m?,
159 MJ/m3 and 183 MJ/m?3 in 10 h, respectively. Similarly, assuming the TBAAc hydrate
has 200 MJ/m3 of heat in hydrate formation and decomposition, the thermal energy storage
density corresponds to a solid phase fraction of 61%, 80% and 92%, respectively.

3.3. In the System Using an Ultrasonic Transducer

In this section, we discuss the results in the system with ultrasonic vibration. The
inflow temperature Tj,, outflow temperature Ty, and thermal energy storage medium
temperature Tpcy were measured. Figure 9a,b shows the time evolutions of Tj,, Tout and
Tpcm in the ultrasonic vibration system (28 kHz and 56 kHz). Time zero was defined as the
time at which the circulating water was started to flow.
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Figure 9. Time evolutions of the temperature at inlet of the chiller (Tjy), outlet (Toyut) of the chiller
and thermal energy storage medium (Tpcy) in the system with ultrasonic vibration. (a,b) depict each
curve at the frequency of 28 kHz and 56 kHz, respectively.

The slope of the Tpcy first decrease was similar to that of the static system. However,
when the slope changed from negative to positive, the Tpcy was about 284 K, which was
higher than that of the static and agitated system. This is because the hydrate nucleation
occurred at a higher temperature than in the static system. In an ultrasonic vibration system,
hydrate nucleation would occur at a higher temperature due to the effects of cavitation or
acceleration of ultrasonic vibration.

The slope of the Tpcy increase is not much different from that of the static system at
28 kHz and appears to be more gradual at 56 kHz. This was because of relatively high
Tpcwm, which results in a relatively slow hydrate growth rate and low heat of formation
during hydrate nucleation. The increase in Tpcy changed from a rise to a fall at around
288 K, and then Tpcy slowly decreased. This was because the slope of the Tpcy change
turned from positive to negative because hydrate was generated and covered the heat
exchange coil surface as the static system.

Figure 10a—c shows the pictures of the crystal growth during this system. As shown
in Figure 10a—c, hydrate was formed on the heat transfer surface near the bottom of the
container. As time went by, the formed hydrate piled up on the bottom of the container.
Figure 11a shows time evolutions of thermal energy storage rate in the system using
the ultrasonic vibration, which depends on the frequency of 28 kHz and 56 kHz. The
thermal energy storage rate g in the static system is also shown for comparison. Time
zero was defined as the time at which the circulating water is started to flow. Here, g was
proportional to the difference between Tj, and Toyt and thus shows almost the same
trend as Tyt change in the static system. In addition, the slope of change in the thermal
energy storage rate was similar to that of the static system. However, as for the 28 kHz
ultrasonic vibration, the maximum value of g after the increase was about 1.5 times larger
than that of the static system. This was because the hydrate was detached from the heat
exchange coil by cavitation, which increased the growth rate of the hydrate. On the other
hand, the maximum value of g at 56 kHz was almost the same as that of the stationary
system. Considering the size of hydrate adhesion, the cavitation effect is stronger at lower
frequencies. This was why the maximum value of g at 56 kHz was larger than that of g
at 28 kHz. After the peak of g, the ultrasonic vibration system maintained a larger g for a
relatively longer time than the static system. This was because the hydrate growth was
continued for a relatively long time after the hydrate covered the heat exchange coil due to
the effects of cavitation. Figure 11b shows the time evolution of the thermal energy storage
density. The result of the static system is also shown in Figure 11b. Time zero was defined
as the time at which the circulating water is started to flow. As shown in Figure 11b, 7 in the
ultrasonic vibrated system started increasing a bit earlier than the static system. This was
because the cavitation enabled the hydrate to be formed at a higher temperature. The slope
of g change in the ultrasonic vibration system is almost the same as with the static system.
However, the bigger slope could be kept longer than the static system. This was also
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because the hydrate growth could be kept by the effect of the cavitation. In the ultrasonic
vibration system with a frequency of 28 kHz and 56 kHz, thermal energy storage density
reached 126 MJ/m?3, 111 MJ/m? in 10 h, respectively. Similarly, assuming the TBAAc
hydrate has 200 MJ/m3 of heat in hydrate formation and decomposition, the thermal
energy storage density corresponds to a solid phase fraction of 63% and 55%, respectively.

t=3h t=5h

Figure 10. Optical observation changing in the container with ultrasonic vibration of 28 kHz. (a-d) are
the pictures at 2 h, 2.5 h, 3 h and 5 h after cooling water started to be circulated, respectively.
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Figure 11. Time evolutions of the thermal energy storage rate and density in the system using an
ultrasonic vibration. (a,b) depict the thermal energy storage rate and density, respectively.

3.4. Comparison in All Systems

Figure 12a shows a comparison in the time evolution of the thermal energy storage
rate in all systems. In the agitated system, the thermal energy storage rate, ¢, increased
earlier than the other systems; g increased at 1 h, 0.6 and 0.4 h for a rotation rate of 100 rpm,
300 rpm and 600 rpm, respectively. The forced convection generated by the agitation
increased the convective heat transfer coefficient. This was why the temperature of the
thermal energy storage medium dropped relatively earlier and hydrate formation occurred
earlier, resulting in the early increase of 4. In addition, this forced convection caused rapid
hydrate formation in the entire container, which released huge heat in a short period.
This was why g increased vertically. As the rotation rate increased, g increased more.
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The maximum values of g after the vertical increase were 47 kW m~3, 54 kW m 3 and
69 kW m~3 for a rotation rate of 100 rpm, 300 rpm and 600 rpm, respectively. These values
are 5 to 8 times larger than that of a static system.
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Figure 12. Time evolutions of thermal energy storage rate and density in all systems. (a,b) depict the
thermal energy storage rate and density, respectively.

In the ultrasonic vibration system, the maximum of § was 14 kW m~3, which is about
1.5 times larger than that of the static system, when the frequency was 28 kHz. This was
because cavitation detached the adhesion between hydrate and heat exchanger coil, which
could be the thermal resistance. As for the system with 56 kHz frequency, the maximum
values of g were almost the same as in the static system. This was because the effect of
the cavitation was not as big as 28 kHz [38]. In summary, the agitation increased the rate
of heat and mass transfer by creating forced convection, thereby shortening the hydrate
formation time and increasing the hydrate growth rate. On the other hand, ultrasonic
vibration kept the hydrate growth longer by the effect of cavitation.

Figure 12b shows a comparison in the time evolution of thermal energy storage
density, g, in all systems. In the agitated system, 7 increased earlier and quicker than
the other systems. This was because Tpcy decreased quicker by the forced convection,
which caused the quicker hydrate formation and growth for the entire container. In the
ultrasonic vibration system, the 7 increase appeared to be relatively longer than the other
systems. This was because the cavitation enabled hydrate to grow after hydrate covered
the surface of the heat exchanger coil. The static system, the agitated system (rotation rate
of 100 rpm, 300 rpm and 600 rpm), and the ultrasonic vibrated system (frequency of 28 kHz
and 56 kHz) had the thermal energy storage density of 96 MJ/m3, 121 MJ/m?3, 159 MJ/m?,
183 MJ/m?3, 126 MJ/m?3, and 111 MJ/m?, respectively. Assuming TBAAc hydrate has
the heat for formation and decomposition of approximately 200 MJ/m?3, each solid phase
fraction is 48%, 61%, 80%, 92%, 63%, and 55%, respectively.

3.5. For Industrial Utilizing of TBAAc Hydrate as PCM

As written in Section 3.1., a range of the practical solid-phase fraction is from 40 to
50% [37]. The thermal energy storage density of ice is 140 MJ m~ when the solid phase
fraction is 45%. As for TBAB hydrate, it has a thermal energy storage density of 100 MJ/m3
when the solid phase fraction is 50% [33]. We regarded these values as a target thermal
energy storage density. Given the thermal energy storage during nighttime of 10 h, the
required time for thermal energy storage should be shortened. This was why the time to
reach the target values was compared to each other system. In addition, the amount of the
used electric power was estimated for more practical evaluation.

Table 3 shows the time that was needed to achieve the target thermal energy storage
density. As for the target of 140 MJ/m?, it was achieved only when the rotation rates of
agitation were 300 rpm and 600 rpm. When the rotation rates were 300 rpm or 600 rpm,
it was 5.9 h or 2.9 h to achieve the target, respectively. Concerning the consumed electric
power to achieve the target, it was 58 M]/ m?> and 29 MJ/m?, respectively. As for the
target of 100 MJ/m?3, it was achieved in all systems where an external force was applied.
When the rotation rates were 300 rpm and 600 rpm, it took about a third of the time of

84



Appl. Sci. 2021, 11, 4848

the ultrasonic vibration system. However, the consumed electric power by the external
force to achieve the target was 45 MJ/ m3, 24 MJ/m3, 15 MJ/m? for the agitation system
(100 rpm, 300 rpm, 600 rpm), and 5 MJ/ m? for the ultrasonic vibration system at both
frequencies (28 kHz, 56 kHz), respectively. Therefore, when the target of thermal energy
storage density is 100 MJ/m?, the agitation system (300 rpm, 600 rpm) is more suitable for
storing thermal energy in a short time, and the ultrasonic vibration system is more suitable
as an external force for reducing the amount of electricity used.

Table 3. The time to achieve the target thermal energy storage density.

Tareet Static Agitated Ultrasonic Vibrated
8 System System System
100 rpm 300 rpm 600 rpm 28 kHz 56 kHz
100 MJ/m?
Achieved time/h 5.1 24 15 5.8 5.8
140 MJ/m?
Achieved time/h i ) 59 29 ) )

In this study, the thermal energy storage density in the agitated system was greatly
improved by adding agitation. On the other hand, the amount of electricity used for
agitation became larger than other systems. The agitation intensity was almost the same
as that in a general low-viscosity agitation. However, the agitation Reynolds number
was 25,000 at 600 rpm. This was due to the fact that the impeller power number of the
three propeller blades was 1, which was smaller than that of other agitation blades [39].
Therefore, even if the agitation intensity was a general value, the agitation Reynolds
number became larger, and energy consumption also became larger. It will be possible
to optimize the rotations and electric power consumption by selecting a more suitable
agitator at the similar experimental apparatus. The thermal energy storage density in the
ultrasonic vibration system was not as large as that in the agitation system. The reason
for this result is that it was difficult to resonate the ultrasonic transducer. To resonate the
ultrasonic transducer, it is necessary to provide a natural frequency, but this frequency
varies slightly depending on the environment in which the ultrasonic transducer is placed,
for example, the materials in contact. Also, the natural frequency is also expected to change
during the transformation of the aqueous solution into hydrate. Therefore, it is possible
that the ultrasonic transducer was not able to resonate properly in this experimental system.
A possible solution to solve this problem is to use a device that automatically follows
the resonant frequency and keeps giving the resonant frequency to the transducer. Since
the power consumption for ultrasonic vibration is about one-tenth of the power used for
agitation, it is thought that the ultrasonic vibration system could be the most favorable way
by solving the above problems.

3.6. The Evaluation of the Heat Exchanger

The thermal energy storage rate by the heat exchanger can be calculated as in Equation (3),
where U is the heat transfer coefficient, A is the surface area of the heat exchange coil, and
Vpcwm is the volume of the thermal energy storage medium. The logarithmic mean tem-
perature difference, ATy, is calculated by Equation (4). As can be seen from Equation (4),
the logarithmic mean temperature difference, ATy, is the average of the temperature
difference between the thermal energy storage medium and the cooling water using the
logarithm. This logarithmic mean temperature difference was substituted into Equation (3)
to calculate the heat transfer coefficient for the experiments under each condition. The
heat transfer coefficient was calculated to be about 10*~10° W m~2 K. The A/Vpcy in
this experiment was 15 m?/m?, and the UA/Vpcy value was calculated to be around
10°-10* W m~3 K. For instance, a plate heat exchanger has a UA /Vpcy that is similar to
this value [40]. As the UA/V increases, the amount of heat exchange will also increase.
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It realizes a higher thermal energy storage density. In this study, the UA/V of the heat
exchanger was comparable to that of other common heat exchangers [40]. This result
demonstrates that the comparable thermal energy storage density in this study can be
obtained using other common heat exchangers.

For the practical use of thermal energy storage using TBAAc hydrate on a larger scale,
it is also expected that the comparable thermal energy storage density in this study would
be available by using a heat exchanger which has the same level UA/V.

q= UAATm/Vpem 3)
Taut - Tin

Al Ty @
TPCMfTuut

4. Conclusions

Kinetic characteristics of thermal energy storage using tetrabutylammonium acrylate
(TBAAC) hydrate were practically and experimentally evaluated for practical use as Phase
Change Materials (PCMs). During the experiments, the adhesion of hydrate on the surface
of the heat exchanger coil was found, which increased the thermal resistance between the
heat exchanger and thermal energy storage medium. This was why, as the external forces,
we added a mechanical agitation (rotation rate of 100 rpm, 300 rpm, and 600 rpm) and
ultrasonic vibration (frequency of 28 kHz and 56 kHz) on each system. It was revealed that
the external forces improved the thermal energy storage kinetic characteristics. When the
agitation rate was 600 rpm, the system achieved thermal energy storage of 140 MJ/m? in
2.9 h. This value is comparable to the ideal performance of ice thermal energy storage when
its solid phase fraction is 45%. The energy consumption for agitation was 28 MJ/m? to
achieve this value. The thermal energy storage of 100 MJ/m?, which is a TBAAc solid phase
fraction of 50%, was achieved in 1.5 h and 5.8 h with mechanical agitation (600 rpm) and
ultrasonic vibration (28 kHz), respectively. The energy consumptions to achieve this target
value were 15 MJ/m? and 5.2 MJ/m3, respectively. In summary, the agitation increased
the rate of heat and mass transfer by creating forced convection, thereby shortening
the hydrate formation time and increasing the growth rate of the hydrate. In addition,
ultrasonic vibration could keep the hydrate growth time longer by the effect of cavitation.

In this system, the UA/V (U: thermal transfer coefficient, A: surface area of the heat
exchange coil, V: volume of the thermal energy storage medium) was approximately
1.0 x 1074-1073 W m 3 K. This UA/V of the heat exchanger was comparable to that of
other common heat exchangers. Even if the system would be scaled up and different from
this study, the same level of thermal energy storage as this study could be obtained by
using a heat exchanger of which UA/V is comparable to this study. As for the ultrasonic
vibration system, thermal energy storage density was one-tenth of the agitated system. A
device that enables an oscillator to resonate and break the hydrate adhesion is necessary to
increase the thermal energy storage density. Then, that system would be most favorable in
terms of the storing performance and energy power consumption.
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Abstract: Lytic polysaccharide monooxygenases (LPMOs) consist of a class of enzymes that boost
the release of oxidised products from plant biomass, in an approach that is more eco-friendly than the
traditional ones, employing harsh chemicals. Since LPMOs are redox enzymes, they could possibly
be exploited by immobilisation on electrode surfaces. Such an approach requires knowledge of
kinetic and thermodynamic information for the interaction of the enzyme with the electrode surface.
In this work, a novel methodology is applied for the determination of such parameters for an LPMO
from the filamentous fungus Thermothelomyces thermophila, MtLPMO9H.

Keywords: LPMO; Fourier Transform ac Voltammetry (FTacV); cyclic voltammetry; Direct Electron
Transfer (DET)

1. Introduction

The exploitation of lignocellulosic biomass, such as wood and agricultural residues,
towards the production of fermentable sugars for the production of second-generation
biofuels in an environmentally friendly way, requires of enzymatic degradation. This step
has low energy requirements, selectivity, mild processing environment and no need of harsh
chemicals, in contrast to classical chemical methods, and it is catalyzed by a combination
of hydrolytic and oxidative enzymes [1,2]. Regarding the oxidation reactions, performing
these steps in an electrochemical reactor, i.e., electroenzymatic synthesis of sugars, is a
promising approach for the production of such chemicals. In principle, when electrolysis is
combined with enzyme reactions, a redox enzyme is maintained in its active state through
an electrode process. This can be achieved by oxidation of or a reduction in a cofactor or a
mediator on the electrode surface, or by direct electron transfer to the enzyme. Therefore,
applying enzyme immobilization onto the electrode and combining bioelectrocatalysis
with traditional enzymatic hydrolysis offer perspectives for developing novel processes for
the production of biofuels and other value-added materials from lignocellulose.

Lytic polysaccharide monooxygenases (LPMOs) are copper-dependent enzymes that
have the capacity to cleave polysaccharides via an oxidative mechanism [3]. They are
classified as Auxiliary Activities (AAs) in the Carbohydrate Active enZyme database
(CAZy). More specifically, they are divided into seven families (AA9-11 and AA13-16)
based on their sequence similarities, with the majority of those that are studied thoroughly
belonging to the AA9 and AA10 families [4]. LPMOs act synergistically with other biomass-
degrading enzymes and significantly boost the hydrolytic performance of cellulase and
hemicellulase cocktails, primarily by improving the accessibility of the enzymes to the
substrate [5,6].

Until recently, the main theory regarding the mechanism of action of LPMOs involved
the introduction of a single oxygen atom from molecular oxygen into the substrate, while
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taking electrons from an external electron donor for their action [7]. More recently, Bis-
saro et al., while examining an LPMO belonging to the AA10 family, supported the idea
that the chemically relevant co-substrate of LPMO catalyzed oxidation is HyO, [8]. Regard-
less of the mechanism of the oxidative cleavage of the polysaccharidic substrate, in both
cases, the reaction is initiated when the active center of the enzyme takes an electron from
an external electron donor. The nature of the donors used in laboratory experimental
setups include ascorbic acid, cysteine and reduced glutathione, but also a wide range of
plant-derived phenols [9,10], lignin compounds [11] and photocatalytic and enzymatic
systems [12]. The reported mechanisms for the initial reduction in LPMOs do not implicate
any chemical steps other than a one-step, one-electron reaction.

One interesting point regarding these enzymes, which could possibly be an advantage
for their electrochemical exploitation, is that their copper-containing active center is not
“buried” inside their structure but can be found on a solvent-exposed, flat surface [13]. This
could facilitate their use as electrode coatings, by directly providing them with electrons
from an electrode surface, while immobilized on the electrode surface. Other than their
study, this characteristic could lead to the exploitation of the bioelectrocatalytic action of
LPMOs towards the production of oxidised products (oligosaccharides and glucans) from
biomass, in concert with hydrolytic enzymes, in the absence of any external reducing agent.
This means that by providing electrons directly from an electrode surface to an immobilised
LPMO, the enzyme could be utilised in bioconversions through bioelectrocatalysis focusing
on product life cycles. The developed bioconversions will be carried out in predominantly
aqueous media using enzymes, and therefore be characterised by a limited use of toxic
reagents or solvents, requiring only an ambient temperature, in the absence of any reducing
agent [14].

In order to test if the above task is feasible, a parameter that should be mentioned
is the standard electron transfer rate constant (k°) between the immobilized electrode
and the enzyme. This electron transfer rate should be rather fast, so that the electrocat-
alytic current measured represents the rate of substrate turnover at the enzyme active
site [15]. Among the electroanalytical methods, a technique that is very promising for the
study of immobilised LPMOs is that of large amplitude fast Fourier transform alternat-
ing current voltammetry (FTacV), with which one can study both free and immobilised
species, eliminating capacitance currents, a problem common in immobilised-on-electrode
species [16-19]. In the past, this technique has been employed for the determination of the
formal potential of immobilised LPMOs [20], as well as for the study of the direct electron
transfer of multi-copper laccase like oxidases [6] and the interaction with epinephrine as a
substrate [21]. Recently, a methodology for the extraction of the transfer coefficient 2 and
the k¥ for immobilised species has been proposed, but has yet to be applied experimen-
tally [17]. In this work, this particular methology shall be employed for the extraction of
the k* an LPMO from the filamentous fungus Thermothelomyces thermophila, M{LPMO9H,
and the calulated value of k" shall be verified by numerical simulation. To our knowledge,
kO values for the interaction of an immobilized LPMO with an electrode surface is reported
for the first time.

2. Materials and Methods

Voltammetric experiments were performed in a single-compartment three-electrode
cell consisting of a working electrode, a Pt wire as a counter electrode, and a Ag|AgCl, KC1
sat. reference electrode (+0.197 V vs. NHE). The aqueous solutions of about 5 mL consisted
of 0.5 M acetate buffer (pH 6) as a supporting electrolyte.

The working electrode consisted of a cobalt functionalised multi-walled carbon nan-
otubes modified glassy carbon (GC) electrode, of 3 mm diameter. The immobilisation
matrix was prepared as follows: A total of 1 g of commercial functionalised multi-wall
carbon nanotubes (MWCNTs) (Hongwu Material, item No: C933-MC, Guangzhou, China)
were added in a 150 mL solution with 20 % v/v. The suspension was stirred for 20 min at
120 °C for further functionalization, until the liquid phase was evaporated. The solution
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was left to dry overnight at 90 °C until dry powder was collected. The powder was washed,
then centrifuged 5 times with deionised water until the supernatant had a pH value of
~7.0. This step ensured the removal of acetic acid excess. The obtained functionalised
commercial MWCNTs (f-MWCNT) were left to dry at 90 °C. Subsequently, the f-MWCNTs
were mixed with 150 mL deionised water and 0.4227 g of (CH3COOQ),Co-4H,O (MERCK)
leading to a loading 10 atom% Co on f-MWCNTs, which was then subjected to sonication
at a low frequency (20 kHz) using a Hielscher (UIP500hd) sonicator (probe tip diameter of
22 mm) for 1 h. The solution was further left to dry and centrifuged (as described above)
for the collection of the final product. The cobalt-functionalised MWCNTs (Co-f-MWCNTs)
were stored in a desiccator at room temperature.

For the immobilisation of the enzyme on the electrode, the following procedure was
followed: A total of 0.005 g of Co-f-MWCNTs were suspended in 500 pL of Nafion™
perfluorinated resin solution (concentration 5 wt% in lower aliphatic alcohols and water,
Aldrich). Then, 8 pL of the enzyme were mixed with 2 pL of Co-f-MWCNTs suspension.
Finally, 2 pL of the resulting mix were left to dry on the GC electrode surface.

MtLPMO9H was produced and purified to homogeneity as previously described [22].
After the purification the enzyme was divided in aliquots of 500 uL, and stored at —15 °C
until use. Each aliquot was stored for a maximum time of 2 days at 4 °C after its first use.
The concentration of the purified enzyme was about 5.5 mg/mL, identified by the method
introduced by Lowry et al. [23].

3. Results
3.1. Cyclic Voltammetry

As a first step in the examination of the interaction of the immobilised M{LPMO9H
with the electrode surface via direct electron transfer, cyclic voltammetry was performed.
MtLPMO9H was immobilised on a Co-f-MWCNTs modified GC electrode and the potential
was scanned between 0.6 and —0.1 V at a scan rate of 0.1 V s~!. The voltammogram is
presented in Figure 1 (black curve). Two rather faint peaks appear, one during the cathodic
scan appearing at 0.252 V and one during the anodic scan at 0.281 V. Capacitance currents
are evident in this voltammogram. The peak separation is estimated at 0.029 V, indicating
a quasi-reversible reaction. The cyclic voltammetry of the Co-f-MWCNTs modified GC
electrode in the absence of the enzyme is also present in Figure 1 (red curve). In this case,
no redox peaks are detected, indicating that the redox peaks can indeed be attributed to
the redox reaction of the enzyme and not any interference of the matrix.

In order to extract the kinetic constant k? and the transfer coefficient a from a cyclic
voltammogram, assuming Butler—Volmer kinetics [24], one would take advantage of the
correlation of the anodic and cathodic peak shift by varying the scan rate. However, these
equations do not take the capacitance current and how it might affect the dependence of the
peak shift into account. Moreover, at the higher scan rates which would be necessary in such
a case, the capacitance would be more dominant, thus rendering the analysis even more
difficult. One option would be to subtract the capacitance current from the total current in
order to have only the Faradaic component and base the analysis on that alone. However,
uncertainty rises for the precision of this approach in cases of non-ideal capacitance. The
same uncertainty arises in case one would attempt to extract other magnitudes from the
cyclic voltammogram, such as the surface coverage of the enzyme immobilised on the
electrode surface.
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0 0.2 0.4 0.6
E/ V vs Ag|AgCl, KClI sat.
Figure 1. Experimental results: Cyclic voltammetry of M{LPMO9H immobilised on a Co-f-MWCNTs

modified GC electrode (black) and Co-f-MWCNTs modified GC electrode without enzyme (red) at
25 °C. Experimental conditions: acetate buffer 500 mM (pH 6) and v = 0.1 Vs~ 1.

Nonetheless, an interesting first approach to making an estimation of the value of the
k® would be to solve the equations for the immobilised species numerically in the case of
cyclic voltammetry for different standard electron transfer kinetic constants. In order to do
so, the problem has to be formulated, by considering an electrochemical reaction having
formal electrode potential EY, where both oxidised (Eoy) and reduced (Egeq) form of the
enzyme are immobilised on the electrode surface

ke

Eox +e ERed 1)

a

where k. the cathodic kinetic constant and k, the anodic one. The units for both kinetic
constants are 1/s. Let us denote as I'V the initial surface concentration of Eq, species and
assume a Butler—Volmer law for the rate constants

ke = kO~ fr (E-E”) )
k, = k00 URPE (E-EY) )

Thus, the current density expression of the Faradaic current during the redox reaction
of the immobilised species can be given from Equation (4) as a funtion of the surface

coverage of the Ox species 6 = Fr%x , with I'ox the surface coverage of the Eq, species

1

ir = TOFKO[(1 — @)e"RT

F

(E-EY) _ 93*%(‘5*150’)] )

where F is the Faraday constant and the coverage is found by solving the following
differential equation,

L. ®

Assuming a cyclic voltammetry experiment where the potential starts from an initial

value Ej and is scanned linearly towards more cathodic potentials against time at a certain

scan rate v, and the scan is reversed at a time tg, the applied potential can be expressed as

in Equation (6)
E = E; — vtg + 0|t — tg] 6)

In order to also include capacitance in the problem, we shall assume a contribution to
the current, which can be expressed as follows

. dE
ic= Cdla )
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where Cy is the specific capacitance of the double layer. The total current density, i, shall
be expressed as a sum of the Faradaic and the capacitance contributions,

(1) = ir(t) + Car (07— %) ®)
[t —tg |

By solving the problem numerically, the cyclic voltammograms are presented in
Figure 2, for different k values. The other parameteres used for this example are
I"=51x10°molm>2,Cy =1Fm 2 EY =0V, v = 0.1V s~ L. For the different
k¥ values, the peak separation values are presented in Table 1. From these values, one
would expect that based on the peak separation of the experimental results at 0.1 Vs~! at
0.029 V, a rough estimation of the k? value should be around 5 s 1.

2 T T I

N
‘g

< 0} _
~ -1 —:\ﬁ

) ] : ] : ]

0.2 0 0.2

E/V

Figure 2. Computational results: Cyclic voltammetry for different k” values. Parameter values:
M=51x10°molm 2 Cyy=1Fm 2 EY =0V, =01Vs!and k% = 100 (black), 20 (red),
10 (blue), 5 (green), 2 (orange) and 1 s1 (orange).

Table 1. Peak separation values for an immobilised species assuming v = 0.1V s~! and ideal capacitance.

KOs—1 AEIV
100 0.000
20 0.008
10 0.014

5 0.026
2 0.059
1 0.098

3.2. FT Alternating Current Voltammetry

Before attempting to extract the k, FTacV was performed on a Co-f-MWCNTs mod-
ified GC electrode with and without M{LPMO9H. The cathodic 5th harmonic in acetate
buffer 500 mM, pH 6 for Ag = 0.2 V and f = 5is presented in Figure 3. In the case of the
immobilised enzyme (black curve) a set of intense peaks around the principle peak at 0.25 V.
On the other hand, in the absence of the M{LPMO9H, a faint peak of small amplitude
appears at 0.2 V (red curve), leading to the conclusion that the high amplitude harmonic is
indeed due to the enzyme and not the immobilization matrix.

Then, FTacV was performed so as to apply the methodology introduced [17] for the
extraction of the k¥. At this point, the methodology is summarized:

1. Aharmonic  is chosen, being free of capacitance currents. This harmonic is recorded
at a fixed amplitude and decreasing frequencies;
I(rev

ph
determined. For this frequency, f, the reaction is at the reversible region;

2. The limiting value of the normalized peak height, )/ f, of the principal peak is
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3. If the transfer coefficient is to be determined, the shift in the potential of the principal
peak is plotted as a function of the logarithm of the inverse frequency, 1/ f. Linear
regression is performed in the region of high frequencies and the transfer coefficient
is determined;

4. The principal peak height I, ; of a quasi-reversible harmonic is determined and the
value I, /1 }()rzv) is calculated;

5. The kinetic constant is determined from the graph representing the dependance of

Ip’h/lgzv) on log(k°/ f).

2 T T T T T T T T T T

1.5 F .

I, | pA
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0 o VY
06 05 04 03 02 0.1 0

E /'V vs AglAgCl, KCI sat.

Figure 3. Experimental results: 5th harmonics of MtLPMO9Himmobilised on a Co-f-MWCNTs
modified GC electrode (black) and Co-f-MWCNTs modified GC electrode without the enzyme (red)
at 25 °C. Experimental conditions: acetate buffer 500 mM, pH 6, Ag = 0.20 Vand f = 5.

Therefore, as a first step, FTacV was performed for two amplitudes, 0.2 and 0.25 'V,
at frequencies of 5, 3, 1, 0.5, 0.2 and 0.1 Hz. The scan rate was adjusted at each case
accordingly in order to fullfill the slow scan rate approximation and render the experiment
independent of this factor [16,19]. The cathodic scan of the 4th and the 5th harmonics
are presented in Figures 4 and 5, respectively, for Ay = 0.2 and 0.25 V. Looking at both
the amplitudes employed, there is no intense deformation in the harmonics that would
suggest a transfer coefficient that would deviate beyond the range of 0.4-0.6; thus, regard-
ing the dominant peak [17], no significant errors would be inserted in the preliminary
analysis in case an a = 0.5 is assumed. Moreover, both 4th and 5th harmonic seem free of
capacitance contribution.

As a second step, the trend of the main observable, i.e., the peak height of the prin-
ciple peaks, is to be observed. In both cases, typical 4th and 5th harmonics for quasi-
reversible reactions of immobilised species are presented for the higher applied frequencies
(Figures 4a,c and 5a,c). Apparently, as the frequency is decreased, the amplitude of the
harmonics decreases, as predicted theoretically. The trend of the normalized peak height
of the principle peaks, I,/ f, on frequency is presented in Figures 4b,d and 5b,d. By ob-
serving these figures, it is evident that a saturation in the peak height of the dominant
peak is observed for a frequency of 0.1 Hz. This indicates that reversibility is reached

by that point, and the height of the dominant peak of the reversible harmonic, I }(;ZU) has

been determined.
As a next step, a quasi-reversible harmonic is chosen and the ratio I,/ IIETZV

)

is calcu-

lated, where [, j, is the normalised peak current for a quasi-reversible harmonic and [ }()r;v)

the normalised peak current for the reversible harmonic at a certain Ay and a. For all the
combinations of amplitudes and harmonics, the chosen frequency for the quasi-reversible
harmonic is that of 5 Hz, while for the peak of the reversible harmonic, it is 0.1 Hz. Let

us now use the example of I, 4/ If()fzv) and I 5/ I}(;gv) for 0.25 V. The respective estimated

values are 0.57 and 0.6, respectively.
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As a final step, these values shall be used for the estimation of the k from the nomo-
grams of I,/ IF()er) against the log(k?f~1). These nomograms are calculated for a = 0.5
(Figure 6a for the 4th harmonic and Figure 6b for the 5th). The same procedure is done

for the amplitude of Ay = 0.2 V. By taking an average of the extracted values, the k¥ is
estimated at 4.6 &= 2.6 s 1.

3T T T T 71 (b) 0.8
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0.6 0.5 0.4 0.3 0.2 0.1 0 -1 -0.5 0 0.5
E /V vs AglAgCl, KCI sat. log f/Hz

Figure 4. Experimental results: (a) 4th harmonics, (b) normalised peak height of the 4th harmonic,
(c) 5th harmonics and (d) normalised peak height of the 5th harmonic, of MILPMO9H immobilised
on a Co-f-MWCNTs modified GC electrode at 25 °C. Experimental conditions: acetate buffer 500 mM,
pH6, Ag =0.2V,and f = 5 (black), 3 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 (magenta) Hz.
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Figure 5. Experimental results: (a) 4th harmonics, (b) normalised peak height of the 4th harmonic,
(c) 5th harmonics and (d) normalised peak height of the 5th harmonic, of M{LPMO9H immobilised
on a Co-f-MWCNTs modified GC electrode at 25 °C. Experimental conditions: acetate buffer 500 mM,
pH6, Ag =0.25V, and f = 5 (black), 3 (red), 1 (blue), 0.5 (green), 0.2 (orange) and 0.1 (magenta) Hz.
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Figure 6. Computational results: Dependence of the normalised principal peak height for the (a)
4th and (b) 5th harmonic of an immobilised species. Parameters: 2 = 0.5 and Ay = 0.2 (black) and
0.25V (red).

In order to validate the value of k, found experimentally, FTacV experiments were
simulated numerically for k equal to 4.6 s™! and 4 equal to 0.57. In order to do so,
Equation (5) was solved numerically where the potential ramp is perturbed by a sinusoidal
of amplitude Aj and frequency f,

E:EI*Z)i’R+U|t*tR|+Aosin27Tft 9)

and the harmonics where calculated from the current obtained by multiplying the current
density, Equation (4) with the electrode surface S. Apparently, both the surface area S
and the surface concentration of the oxidized form of the enzyme I'’ are unknown and
are expected to vary between different immobilisation experiments. Therefore, the factor
'S was chosen by trial-and-error. The simulation results (red curves) together with the
corresponding experimental plots (black curves) for Ag = 0.2, T’S = 3 x 10~!% mol and
Ap=025V,T%S = 1.2 x 10~ 2 mol and f = 1 Hz, are presented in Figure 7ab, respectively.
A rather good agreement is observed, implying a satisfactory estimation of k.
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Figure 7. Experimental (black) versus computational (red dashed line) of the 5th harmonic of
MtLPMO9H immobilised on a Co-f-MWCNTs modified GC electrode at 25 °C. Experimental condi-
tions: acetate buffer 500 mM, pH 6, f = 1 Hz and (a) Agp = 0.2 and (b) 0.25 V. Computational
parameters: a=0.57, f = 1 Hz, (a) Ag = 02V, %S = 3 x 10713 mol and (b) 49 = 025V,
1% =1.2 x 1072 mol.

4. Discussion

MtLPMO9H was immobilised on an electrode surface, ensuring that direct electron
transfer is indeed possible for this enzyme with the immobilisation method used with
an indication that, for the conventional scan, rated when using cyclic voltammetry, the
kinetics were quasi-reversible. The signal was governed by capacitance, a common feature
for immobilised enzymes on electrode surfaces. Despite this, still, an initial estimation
of the standard electron transfer rate constant was intented through the computational
reproduction of cyclic voltammograms. From the peak separation, it was predicted that
the k® would be around 5 s~!, assuming an a equal to 0.5.

Then FTacV was performed for two different amplitudes as various frequencies in
order to assure that both quasi-reversibility and reversibility are achieved in order to apply
the methodology to extract the k” of immobilised species using FTacV. The extracted value
was at 4.6 + 2.6 s~ ! being in good accordance with what was expected from cyclic voltammetry.

In order to validate the k” value obtained experimentally, FTacV experiments were
simulated numerically and a rather good agreement was found for transfer coefficient a
equal to 0.57. In order to approximate the peak heights of the voltammograms, different
values of T’S were used for the two different amplitudes. At this point, the validity of
the TS used shall be ascertained. Since the enzyme concentration is 5.5 mg mL~! and
8 uL were utilised, and they were dilluted in 10 pL to a final concentration of 4.4 mg mL~ L
From this, 2 uL. were used, and, taking into consideration that the molecular weight of the
enzyme is 65 kDa [22], the maximum moles that can be 1.35 x 1010, Considering that
not all of the enzymes would be bound to the matrix and from what was bound, not all
would be oriented in such a way so as to interact with the enzyme, the values used for
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the simulation seem to be valid. Nevertheless, it has to be pointed out that the proposed
experimental methodology for obtaining kinetic parameters does not require knowledge of
the surface concentration of the immobilised species or the the value of the surface area.

In general, it is common practice to compare computational with experimental results
in order to ascertain the validity of the parameters used for the computational ones.
The computational fits tend to reproduce most of the features of the voltammogram,
just as in this case, where the basic features of the harmonics presented are fitted rather
well [25,26]. Regarding the precision of the comparison of the computational harmonics
with the experimental ones, it should also be taken into account that the above analysis
is valid only if the assumptions of the model are closely met, where the immobilised
species must behave as a Langmuirian monolayer and a dispersion of the electrochemical
transfer rates should be absent. Otherwise, where kinetic or thermodynamic dispersion
is present, more elaborate models have to be considered [27-29]. The influence of kinetic
and thermodynamic dispersion might affect the waveform of the voltammograms [30],
and other theories such as that of Marcus—-Hush can applied, instead of the Butler—Volmer
law [31]. Yet, in this case, the Butler—Volmer law seems to be rather sufficient for this case.

To conclude, with the k° value that was estimated, it seems that, under the right
conditions, it is feasible to render the system reversible and take advantage of it for
bioelectrocatalytic purposes. Thus, it could be proven to be rather resourceful in such
applications.
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Abstract: This paper aims to numerically investigate the thermal enhancement of a latent thermal
energy storage component with mini-channels as air passages. The investigated channels in two sizes
of internal air passages (channel-1 with dj, = 1.6 mm and channel-2 with dy, = 2.3 mm) are oriented
vertically in a cuboid of 0.15 x 0.15 x 0.1 m3 with RT22 as the PCM located in the shell. The phase
change is simulated with a fixed inlet temperature of air, using ANSYS Fluent 19.5, with a varying
number of channels and a ranging air flow rate entering the component. The results show that the
phase change power of the LTES improves with by increasing the number of channels at the cost of a
decrease in the storage capacity. Given a constant air flow rate, the increase in the heat transfer surface
area of the increased number of channels dominates the heat transfer coefficient, thus increasing the
mean heat transfer rate (UA). A comparison of the channels shows that the thermal performance
depends largely on the area to volume ratio of the channels. The channel type two (channel-2) with a
slightly higher area to volume ratio has a slightly higher charging/discharging power, as compared to
channel type one (channel-1), at a similar PCM packing factor. Adding fins to channel-2, doubling the
surface area, improves the mean UA values by 15-31% for the studied cases. The variation in the total
air flow rate from 7 to 24 L/s is found to have a considerable influence, reducing the melting time by
41-53% and increasing the mean UA values within melting by 19-52% for a packing factor range of
77.4-86.8%. With the increase in the air flow rate, channel type two is found to have considerably
lower pressure drops than channel type one, which can be attributed to its higher internal hydraulic
diameter, making it superior in terms of achieving a relatively similar charging/discharging power
in exchange for significantly lower fan power. Such designs can further be optimized in terms of
pressure drop in future work, which should also include an experimental evaluation.

Keywords: PCM; mini-channels; air; melting; solidification

1. Introduction

Integration of thermal energy storage in ventilation systems can be advantageous to
decrease system-associated costs, including capital and operational, and contribute to peak
power savings [1,2]. Latent Thermal Energy Storage (LTES) is a favorable solution due to
the large storage capacity of Phase Change Materials (PCM) and its low volume. The major
obstacle associated with the LTES is the low thermal conductivity of the Phase Change
Materials [3]. This results in a low charging/discharging power, requiring enhancement
in heat transfer mechanisms [4]. The thermal performance of such a system is intensified
even further in cases where air is used as the heat transfer fluid (HTF) [5].

The thermal performance of LTES systems working with air was addressed in some
research [6-10]. Dolado et al. [6], working on a real scale air-PCM heat exchanger, pointed
out that the bottleneck of the heat transfer, particularly at low air flow rates, could be due
to the high resistance on the air side. The analysis showed that the system performance
was improved by increasing the flow rate of air or decreasing the air channel thickness;
however, at the cost of having a higher fan energy consumption.
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Vakilaltojjar and Saman [7] analyzed a plate encapsulating PCM system working
with air and reported that the thermal performance could be improved by decreasing the
dimensions of the air channels and the PCM slabs.

Marin et al. [8] investigated an LTES system, enhanced with graphite, and concluded
that in cases with the PCM-graphite composite, as the storage medium, the thermal
performance of the LTES was controlled by the resistance on the air side, due to the reduced
resistance of the storage medium. On the other hand, in cases where pure PCM was
employed, the resistances on the PCM and the airside were competitive.

Herbinger et al. [10] performed a parametric study of an air-PCM heat exchanger for
ventilation systems, considering square channels of 2 x 2 cm?, 4 x 4 cm? and 6 x 6 cm?.
They found that as the channel dimension decreased, the charging/discharging power
increased, and the best thermal performance was achieved for the smallest channels.
However, in the study, the influence of reducing the hydraulic diameter of the channels
and subsequently the increase in the heat transfer coefficient of air and its effect on the
thermal performance was lacking.

The hydraulic diameter (dy) of the flow passages can be reduced significantly by
using mini- and micro-channels. Mini/micro-channels proved to be significantly benefi-
cial in various industries and applications such as the refrigeration/heat pump industry
and electronics cooling [11-14]. Kandlikar et al. [11] classified the passages based on
the dimensions of the hydraulic diameter (dy,) to conventional channels for d}, > 3 mm,
mini-channels for 0.2 mm < dj, < 3 mm and micro-channels for 0.01 mm < dj, < 0.2 mm.
Kandlikar et al. [11] showed that the fluid heat transfer coefficients for circular passages
are inversely proportional to the hydraulic diameter, given a fixed flow rate. However,
the increase in heat transfer coefficient is achieved at a considerable cost of an increase in
the pressure drop. Besides the hydraulic diameter, with rectangular channels, the aspect
ratio of the channels as a fraction of the width to the height can influence the heat transfer
coefficient. Wibulawas [15], in a study on laminar flow in heat transfer in non-circular
ducts, showed that, given a constant Graetz number (Gz = %RePr), the Nusselt number
either under constant heat flux or constant wall temperature conditions increases with the
increase in the aspect ratios of the channels.

Rectangular mini-channels with low hydraulic diameters and high area-to-volume
ratios have the potential to enhance the heat transfer on both the air and PCM sides with
having relatively high PCM packing factors (PF). This is particularly beneficial in LTES
applications related to air as the HTF, where there are needs for enhancement due to low
thermal conductivities of air and PCMs.

Mini/micro-channels can be fabricated conventionally using extrusion or Additive
Manufacturing (AM) processes [16-20]. However, an extrusion process is associated with
certain limitations and restrictions in producing complex features. Additive Manufac-
turing (AM), known as 3D printing, is an alternative new fabrication method capable of
manufacturing complex geometric features, including the embedding of internal/external
thermal enhancers and bypassing many limitations associated with conventional meth-
ods. However, 3D printing is also associated with certain disadvantages such as higher
surface roughness, limited options in printing materials, and higher cost per part in mass
productions, as compared to the conventional methods [21].

This paper numerically investigates the novel idea of incorporating mini-channel
profiles into LTES components with dry air as the HTF. Three-dimensional simulations of
transient phase change were performed using ANSYS Fluent 19.5. An enthalpy—porosity
method is used in this commercial software for solid-liquid phase change simulations.
In this method, the mushy zone at which the phase change is happening is dealt with as
a porous structure, and the liquid flow in this zone is treated as a liquid flow through a
porous structure [22,23].

Two types of mini-channels were studied. The first channel is an existing extruded
aluminum profile and the second channel, with and without external fins, is a conceptual
design capable of being manufactured via 3D printing. The mini-channels have rela-
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tively similar volumes but different internal hydraulic diameters (dychannel—1 = 1.6 and
dhchannel—1 = 2.3) and aspect ratios (ARchannel—1 = 0.86 and AR pannei—2 = 20). The com-
pact LTESs are modeled three-dimensionally for a laminar air flow regime. The thermal
performance of the LTES in charging/discharging with varying number of channels and
ranging flow rates was analyzed and evaluated.

2. Materials and Methods

The numerical model to simulate melting and solidification processes of RT22 in an
air-PCM heat exchanger using mini-channels is presented and described below.

2.1. Physical Model

Simulations of melting and solidification processes of RT22 as PCM were performed
with two types of mini-channels. The air-PCM heat exchanger, as shown in Figure 1, is
a cuboid of 0.15 x 0.15 x 0.1 m® comprised of a duct shell and the mini-channels. The
PCM is located in the shell, and air, as the HTF, flows through mini-channels. To reduce
the computational effort of modeling the phase change process, a symmetric domain of
one channel was simulated.

Figure 1. The physical model and the simulation domain.
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a) channel-1

b) channel-2

¢) channel-2
finned

Two types of channels, with specified dimensions shown in Figure 2, were considered
in the study. The mini-channel type one (channel-1) is an existing product of Hydro
Aluminum, manufactured through an extrusion and studied for the first time in an LTES
component. Channel-1 has hydraulic diameters of 1.63 mm and 1.59 mm for the middle
and the side passages, respectively. The mini-channel type two (channel-2) is a conceptual
design with the purpose of improving the thermal performance of channel-1. This channel
could be potentially manufactured via metal 3D printing as a fast and quick production
method for innovative prototypes, using AlSi;gMg alloy as the material, with and without
external fins. Channel-2 has a slightly higher area-to-volume ratio (\‘2)51 ) than channel-2,
providing a higher heat transfer surface given a similar PCM packing factor. Channel-2
was proposed with a hydraulic diameter and aspect ratio higher than Channel 1 to achieve
a potentially higher heat transfer coefficient of air and a lower pressure drop. It has a
hydraulic diameter of 2.27 mm and an aspect ratio of 17.5. The geometrical characteristics
of the channels with their material properties are summarized in Table 1.
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Figure 2. Dimensions of the simulated configurations: (a) channel-1, (b) channel-2 and (c) channel-2 finned.
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Table 1. Geometrical characteristics and material properties of the channels.

Channel-1 Channel-2
(Extrusion-Al13003) (DMLS-AISi;pMg)
Area to volume ratio [% (%ﬁ } 943 987
Hydraulic diameter [d}, (mm)] 1.63 2.27
Density (<8) 2730 2620
Specific heat capacity ( %) 892 846
Thermal conductivity (57x) 162 111

In the cuboid, the mini-channels with varying quantities are oriented vertically. In the
case of channel-1, due to limitations in the production procedures of the cuboid, including
the restrictions associated with brazing and welding processes, the channels need to
maintain a minimum distance of 5 mm. In the case of channel-2, due to the inherited
characteristics of the 3D-printing method, this distance could be lowered down to 1-2 mm.
Thus, the number of channels per the height of the cuboid was set to five and six for
channel-1 and channel-2, respectively. In the case of externally finned channel-2, four
fins with a length of 3 mm and thickness of 0.2 mm on each side of the channel-2 were
considered, almost doubling the external surface area. The number of channels in width of
the cuboid is varied from 12 to 20 with packing factor (PF), defined as a ratio of the PCM
volume to the total volume of the cuboid, range of 77.4-86.8%. The details of simulated
configurations and the corresponding PFs are summarized in Table 2.

Table 2. Investigated configurations.

Number of Channels PF (%)

5x 12 86.8

Channel-1 5x16 82.4

5 x 20 78

6 x 12 84.6

Channel-2 6 x 14 82

6 x 16 79.4

6 x 12 83

Channel-2-finned 6 x 14 80.2
6 x 16 77.4

2.2. PCM Thermos-Physical Properties

Material properties of the investigated PCM and RT22 are missing in the literature.
RT22 is an organic commercial PCM provided by RUBITHERM undergoing the solid—
liquid phase change around 22 °C. The thermo-physical properties, including density in
the liquid phase, enthalpy and isobaric specific heat capacity, thermal conductivity and
viscosity, were measured experimentally. The liquid density was measured using two
pyknometers of 50 and 100 mL, enthalpy and specific heat via a yDSC evo 7 from the
Setaram instrument, thermal conductivity via a Hot Disk TPS-2500 and viscosity via a
rotational Brookfield viscometer. The linear correlation of the measured stress with the
strain rate in the liquid phase, obtained in the viscosity measurement procedure, shows
that RT22 has a Newtonian behavior. The measured properties are shown in Figure 3 as
functions of temperature and summarized in Table 3. The measurement methodology via
the aforementioned instruments used to measure the thermo-physical properties of RT22
in this paper was explained in detail by Abdi et al. [24] for two other organic PCMs.
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Figure 3. Temperature-dependent thermo-physical properties of RT22: (a) liquid density, (b) heat flows upon melt-

ing/solidification, (c) thermal conductivity and (d) dynamic viscosity.

Table 3. Measured thermo-physical properties of RT22.

Density (%)

778 (20 °C)

Specific heat capacity (kgi_JK)

4.6 (15 °C)-2.4 (30 °C)

Latent heat of phase change (ll:—g;) 163.8
AT (°C) 20.4-23.7
AT; (°C) 20.1-22.8
Thermal conductivity (-¢) 0.14 (15, 30 °C)
Viscosity (Pa-s) 0.00407 (25 °C)
Thermal expansion coefficient (%) 0.00084
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2.3. Simulation Model

Three-dimensional modeling of the transient phase change is essential to capture
the effect of the axial HTF temperature variations since such an effect is missing in two-
dimensional modeling. The transient phase change simulations were carried out in three
dimensions for the domain specified in Figure 1, using ANSYS Fluent 19.5. In the modeling
of dry air flow, the following conditions were considered:

e Incompressible laminar air flow;
e  Constant air properties along the channel length;
e Negligible effects of viscous dissipation.
In modeling solid-liquid phase change, the volume change was neglected and natural

convection in the constrained melting was modeled via the Boussinesq approximation. The
governing mechanism within the phase change is expressed in Equations (1)—(3):

VV =0 ¢y
oV

p((_)tJr(v,v)v) = pg— VP+V.(1)+S 2

p<aalf+v.(VH)> = V.(kVT) ®)

An enthalpy-porosity method is used to model the phase change, adding a source term
to the momentum equation, defined by the Carmen—Kozeny term shown by Equation (4).

2
s = =Ny V) (4)

(9

Here, A is the porosity factor ranging from zero to one and Apshy is the mushy pa-
rameter, which is an arbitrary number ranging from 10° to 108, representing the convective
intensity of the flow within the mushy zone. The lower the mushy numbers, the stronger
convective flow is predicted within the mushy zone. In this study, the mushy parameter
was set to 10® for both the constrained melting and solidification simulations since it was
previously shown to give an appropriate fit to experimental data [25-27]. The porosity is
incorporated into the sensible and latent energy through Equations (5)—(7).

H = h+ AL ®)
T
h = hys+ /T CpdT ©)
ref
A =0 if T < Tsolidus
T— T .
AH = AL — A= Wm if Toolidus < T < Tiquidus 7)
A =1 if T > Tliquidus

A simple algorithm was used in the coupling of pressure and velocity. The second-
order upwind scheme for discretization of momentum and energy equations and the
PRESTO! scheme for pressure correction were used. The first-order implicit scheme was
employed with fixed time steps for time discretization. The convergence criterion for the
continuity and momentum equations was set to 10> and 108, respectively.

A mesh independency study was carried out to select the element size for the final
grids of air and PCM. In the beginning, the simulations were carried out for the hydro-
dynamic laminar air flow in a single channel, and the pressure drops along the channel
length in different grids were compared. The element size ranged from 0.4 to 0.1 mm
and 4 to 1 mm in the cross-sectional plane and along the channel length, respectively.
Figure 4a shows the pressure drop along the length channel-2 for the cases 1-4 with the
aforementioned ranging element size. As observed in Figure 4a, the simulated pressure
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drop values vary insignificantly from case 3 to case 4. The mesh independency analysis
proceeded for the PCM domain with the element sizes specified in cases 3 and 4 for the air
domain. For the PCM domain, the element sized varied in the cross-sectional plane and in
length, and the effect on melt fraction was studied. As shown in Figure 4b, the simulated
melt fraction changes slightly with refining the cross-sectional PCM mesh from 1 mm to
0.5 mm. Further reducing the cross-sectional element size in the PCM domain down to
0.3 mm showed an insignificant change in comparison to the element 0.5 mm. Figure 4c
shows the influence of decreasing the element size from 3 to 1 mm in the axial direction for
the PCM domain, making almost no influence on the melt fraction results. Furthermore,
the variation in time-step displays its insignificant effect on the simulations, as shown in
Figure 4d. In the end, considering the insignificant changes in the hydrodynamic air flow
and melting simulations, the following element sizes were chosen. The final grid elements
size, perpendicular to the air flow, were set to 0.4 mm, 0.15 mm and 0.1 mm for the PCM,
aluminum and air zones, respectively, as shown in Figure 5, and the grid element size in
the axial direction was set to 2 mm. The time step was fixed to 0.1 s in the simulations. In
the used meshes, the minimum orthogonal mesh quality in the final grid and the maximum
skewness factors were 0.5 and 0.8, respectively.

The simulations with the chosen grid based on the performed mesh independency
analysis were performed for the specified configurations in Table 2 with inlet HTF temper-
ature of 30 °C and 15 °C for melting and solidifications, respectively. The initial domain
temperature was set to 15 °C and 30°C. The total flow rate of the HTF entering the cuboid
was varied within a range of 7-24 L/s. The minimum flow rate, corresponding to a room
of 20 m?, was chosen based on the Swedish regulation of maintaining a minimum flow
rate of 0.35 L/m?-s in the ventilation systems of residential buildings. A parametric study
of flow rate with fixed values of 7, 12, 16, 20 and 24 /s was carried out. As the number
of channels was varied, given a constant total air flow rate, the inlet velocity of air flow
per channel was calculated and used as the inlet boundary conditions. With the simulated
range of flow rate and the varying number of channels from 60 to 100 for channel-1 and 72
to 96 for channel-2, respectively, the Reynolds numbers were within ranges of 250-1440
and 430-1970. The total transient rate of heat transfer is calculated with Equation (8).

Q(t> =Np,irV airinAc CpairabS [T airout (t) - Tairin} 8)

where N is the number of channels, p,i; VHTE,, Ac is the air mass flow rate per channel, ¢p_
is the air specific heat and T 4, (t) — Tajr,, is the transient air temperature difference of the
outlet and the inlet. The total UA value is calculated as a ratio of the total rate of transferred
heat to the logarithmic mean temperature difference (LMTD) between the HTF and the
PCM, using Equations (9) and (10).

__Qw
VA = D[ )
LMTD (t) — [Tairm - Ts/m:I - [T airout (t) — Ts/m} (10)

Tair,, —Ts/m
N Tom

The air heat transfer coefficient is calculated as the ratio of the total heat flux to the
logarithmic mean temperature difference between the HTF temperature and the channel
wall temperature at the inlet and outlet, as specified in Equations (11) and (12).

- QY
Uair (t) - Aair LMTDair(t) (11)
Tair, = Ty, ()] = [T airg () = (Tovow (t
D) = [ 1m( )]Tair. g o u(t(>) Do D) (12)
n mn mn

T airoyt (t) -T Wout (t)
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Using the obtained air heat transfer coefficient, the heat transfer coefficient on the
PCM side is calculated via Equation (13).

upcum (t) =
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Figure 4. Mesh independency analysis: (a) element size variation for pressure drop simulations of air flow in a single
channel-2 and V,;, = 5m/s, (b) element size variation in cross-sectional plane for melt fraction simulations of channel-1
(5 x 16, PF = 82.4%, V,ir = 10.1 m/s), (c) element size variation in length for melt fraction simulations of channel-1 (5 x 16,
PF = 82.4%, V,i; = 10.1 m/s) and (d) time-step variation for melt fraction simulations of channel-1 (5 x 16, PF = 82.4%,

Vair =10.1m/s).
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Figure 5. Examples of meshed simulation domains for channel-1 (5 x 16, PF = 82.4%) and channel-2 (6 x 14, PF = 82%).

The total transient power was presented versus relative accumulated extracted /
absorbed energy. The relative accumulated energy is defined by Equation (14) as
the ratio of accumulated extracted/absorbed energy at each time interval to the total
accumulated extracted/absorbed energy.

Linitial Q lated (t)
Qrelative (t) = m;itrl\aall accumuiate x 100 (14)
Z:ini’tial Qaccumulated

To combine the enhancement in the phase change power and the used fan power and
evaluate the system performance, performance evaluation criterion (PEC) is defined via
Equation (15) as the ratio of the mean phase change power to the product of total air flow
and pressure drop.

Qmean

PEC = ———————
NV airinAc AP

(15)

3. Results and Discussion

The symmetrical simulated domains of channel-1 and un-finned channel-2, with the
ranging number of channels of 60-100 and 72-96, respectively, have different dimensions
in width and height. Thus, to have a fair performance assessment of the two channels,
the evaluation is made for cases with possibly similar PCM packing factors (PF). The melt
fraction contours for the configurations of channel-1 with PF = 82.4% and the bare and
finned configurations of channel-2 with PF = 82% and PF = 80.2%, respectively, are shown
in Figures 6 and 7. A comparison of melting and solidification processes shows that in both
processes, the growing phase change structure is rather symmetric. This indicates the weak
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Figure 6. Melt fraction contours within melting for the configurations of channel-1 (PF = 82.4%), channel-2 (PF = 82%) and
channel-2-finned (PF = 80.2%).
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Figure 7. Melt fraction contours within solidification for the configurations of channel-1 (PF = 82.4%), channel-2 (PF = 82%)
and channel-2-finned (PF = 80.2%).

The phase change progress for the bare channels is more dominant on the sides of the
mini-channels and weaker on the tips. The simulated domain for channel-1 is thinner in
width and longer in height than that of channel-2. This results in a rapid phase change
progress on the side walls of the former, while the phase change of the PCM around the tips
of the channel takes a longer time. In the case of channel-2, a rapid phase change occurs
around the tips, given the considerably smaller distance between the tips (3 mm). As the
phase change completes around the tips, it progresses afterward on the side walls. In the
case of finned channel-2, the fins contribute primarily to the phase change of PCM between
the fins as it takes a longer time for the phase change of the PCM around the corners of
the domain. The major mechanism at which the fins contribute to the phase change is
conduction, given the small 5.3 mm distance between fins.

In all the cases, the phase change process evolves axially. As the phase change gets
completed at the inlet of the channels, the phase change front develops in the length of the
channels, showing a significant axial variation in the HTF temperature.

Figure 8 shows the transient outlet air temperature of the minimum and maximum
simulated flow rates within the phase change time for the configurations of channel-1
(PF = 82.4%) and for the bare and finned configurations of channel-2 (PF = 82% and
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PF = 80.2%). As observed, the outlet temperature increases in melting and decreases in
solidification steeply at the beginning of the phase change process due to the sensible heat
transfer prior to the initiation of phase change along the channel length. As the PCM at
the outlet reaches the onset temperature of the phase change and the entire PCM axially
adjacent to the channel wall undergoes the phase change process, the outlet temperature
varies less steeply, approaching the inlet temperature at the end of the process. The rather
large temperature difference between the outlet and inlet for both melting (Tin = 30 °C) and
solidification (Tin = 15 °C) indicates the significant axial HTF temperature variations. The
axial air temperature change diminishes as the PCM approaches the complete phase change.
This could be observed for both the lower and upper bounds of the investigated flow rate
range; however, the temperature difference is significantly larger for the former. The outlet
air temperature for channel-1 (PF = 82.4%) and the bare channel-2 (PF = 82%) is rather
similar throughout the phase change processes, resulting in similar phase change times.
The incorporation of fins results in a lower and higher outlet temperature in melting and
solidification, respectively, as compared to the other configurations, and a modest reduction
in the phase change time. In the finned configuration (PF = 80.2%), with the minimum total
air flow rate of 7 L/s, the phase change time in melting and solidification, respectively,
has decreased by 16% and 10%, as compared to the bare channel-2 configuration. On
the contrary, the influence of increasing the air flow rate is rather considerable for all
the shown cases. For a packing factor range of 86.8% to 77.4%, varying the air flow rate
from 7 to 24 L/s reduces the melting and solidification time by 41% to 53% and 39% to
53%, respectively.
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Figure 8. Transient outlet air temperature of flow rates of 7 and 24 L/s: (a) melting-Tin = 30 °C, (b) solidification-Tin = 15 °C.

The effect of air flow rate increase on the transient power during phase change as a
function of relative accumulated energy is shown in Figure 9. At the minimum air flow
rate, the transient power is rather similar for the shown cases of channel-1 and channel-2,
and the gain in the finned channel-2 is insignificant. Increasing the flow rate to the upper
bound of 24 L/s increases the transient power considerably, indicating the resistance on
the air side is not negligible. However, the enhancement effect of the increased air flow
rate is accompanied by a significant increase in the pressure drop. A comparison of the
channels at the maximum flow rate shows that the channel-1 case gives a slightly higher
transient power up to about 70% of the relative stored/extracted energy, as compared to
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the channel-2 case. For the rest of the process, the channel-2 case has a higher power. The
rapid reduction in the power of channel-1 at the end of the processes is attributed to the
completion of the phase change adjacent to the side walls and the relatively weaker heat
transfer around the tips of channel-1. In the case of channel-2, the phase change is ongoing
adjacent to the side walls throughout the entire process. The finned channel-2 case shows
a higher rate of heat transfer in both melting and solidification processes than the bare
channel-2, despite having a lower mass of PCM with about 1.8% lower packing factor.
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Figure 9. Transient power as
(b) solidification-Tin = 15 °C.

(b)

a function of relative accumulated energy flow rates of 7 and 24 L/s: (a) melting-Tin = 30 °C,

To be able to evaluate and compare the designs with a varying number of channels

and packing factors, normalized mean power (represented by the mean UA-value) as an
indicator of the thermal performance was used in the following. The mean UA-values are
calculated based on 98% completion of the phase change. Figure 10 shows the dependency
of UA values as a function of the PCM packing factor for the total range of the simulated
air flow rate. The reduction in the packing factor indicates the increase in the number of
channels as the vertical data points for a given packing factor designates the variation in the
air flow rate. Figure 10 shows that as the PCM packing factor reduces, the mean UA value
increases for all the simulated configurations in both melting and solidification processes.
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Figure 10. Mean UA values for the range of the simulated flow rate as functions of the PCM packing factor: (a) melting-
Tin = 30 °C, (b) solidification-Tin = 15 °C.

For a constant air flow rate, the increase in the number of channels increases the mean
power of phase change. As the number of channels is increased or fins are used (in the case
of channel-2), the PCM packing factor reduces, resulting in a reduction in the latent storage
capacity. Given a constant total flow rate of the HTF entering the cuboid, the increase
in the number of channels reduces the flow rate per channel, resulting in a reduction
in the heat transfer coefficient on the air side. However, the effect of the extended heat
transfer surface as the number of channels increases is dominant over the reduction in the
internal heat transfer coefficient, eventually increasing the total UA value and improving
the thermal performance.

Increasing the flow rate improves the normalized mean power for all the cases, partic-
ularly for the enhanced case of finned channel-2. For instance, for the configurations of
channel-1 with PF = 82.4%, channel-2 with PF = 82% and finned channel-2 with PF = 80.2%,
increasing the total flow rate of the HTF from 7 L/s to 24 L/s increases the mean UA values
of melting by 30%, 35% and 44%, respectively.

The interesting point is that adding fins to the cases of channel-2 instead of increasing
the number of channels can result in higher mean UA values, attributed to the higher air
flow per channel in the former case. As an example, given the flow rate range of 7-24 L /s,
adding fins to the case with 72 channels (PF = 83%) increases the UA mean value of melting
by 21-31%, as compared to the un-finned case with 72 channels (PF = 84.6%). Whereas
increasing the number of un-finned channels from 72 (PF = 84.6%) to 84 (PF = 80.2%)
enhances the mean UA value of melting by 13-24%. In total, the relative enhancements in
the mean UA values of the finned channel-2 cases, as compared to the un-finned cases, lie
within 15-31% for the entire range of simulated flow rates and packing factors.

The difference in the air heat transfer coefficient of the two channels has an insignifi-
cant effect on their thermal performance within the phase change. Figure 11a shows the
air heat transfer coefficients of channel-1 and bare channel-2 averaged over melting as
functions of the total air flow rate. Channel-2 has a modestly higher heat transfer coefficient
on the air side within the simulated air flow rate, despite its higher hydraulic diameter
as compared to channel-1. This is due to the higher aspect ratio of the flow passage.
Even though there is a considerable distinction in the air heat transfer coefficient between
channel-1 and channel-2, as shown in Figure 11a, the heat transfer coefficient on the PCM
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side remains unaffected. Figure 11b shows the heat transfer coefficient on the PCM side for
channel-1 and channel-2 cases with PF = 82.4% and PF = 82%, respectively, for flow rates of
7 and 24 L/s as functions of melt fraction in the melting process. The PCM heat transfer
values drop quickly from the high values at the beginning of the process to levels below
the heat transfer coefficients of air, shifting the thermal resistance from the air side to the
PCM side.
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Figure 11. (a) mean air heat transfer coefficient during melting, (b) transient heat transfer coefficient on the PCM side

during melting.

As observed, the PCM heat transfer coefficients of channel-1 and channel-2 relatively
overlap throughout the process. A clear distinction is seen from the lower bound of the
air flow rate to the upper bound, implying the PCM heat transfer coefficient could be a
function of the internal air flow rate.

The major disadvantage of extending the surface area and UA value through fin incor-
poration rather than increasing the number of channels is the higher flow rate per channel
in the former, given a fixed total flow rate, unfavorably resulting in a higher pressure
drop. Figure 12 shows the pressure drop for channel-1 and channel-2 configurations. As
seen, with high packing factors and a lower number of channels, the air flow entering each
channel increases. In the cases with high packing factors, as the total flow rate increases, the
pressure drop increases significantly while the internal air heat transfer coefficient increases
modestly. Increasing the number of channels reduces the pressure drop considerably, par-
ticularly at high total air flow rates. As an example, at the flow rate of 24 L/s, the pressure
drop for channel-1 reduces by 31% and 47% as the number of channels increases from 60
to 80 and 100, and for channel-2 it reduces by 17% and 30% as the number of channels
increases from 72 to 84 and 96, respectively. Interesting to point out is the relatively lower
pressure drop of channel-2 than channel-1. This is credited mainly to the higher hydraulic
diameter of channel-2.
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Figure 12. Pressure drop as a function of total air flow rate.

Having a low pressure drop and, consequently, a low fan power as possible is a crucial
matter in employing mini-channels in LTES components. This contributes to achieving a
higher gain in terms of charging/discharging thermal energy in exchange for fan power.
The performance evaluation criterion (PEC) of the compact component defined as the ratio
of the mean phase change power to the fan work (Equation (15)) is shown in Figure 13 for
the simulated configurations as a function of the total air flow rate. Considering the increase
in the total air flow rate, the PEC for both melting and solidification reduces dramatically,
indicating a more significant increase in the pressure drop compared to the modest gain
in the mean phase change power. The same trend is observed as the number of channels
reduces and the packing factor increases. Given a constant total flow rate, channel-2 is
superior to channel-1 due to both the relatively higher mean phase change power and the
considerably lower pressure drop. In addition, in the case of finned channel-2, fins were
able to increase the PEC modestly. Since the pressure drops in the finned channel-2 cases
are the same as the un-finned channel-2 cases, the gain in the PEC comes from the modest
increase in the mean phase change power.
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Figure 13. PEC of the compact component as a function of total air flow rate: (a) melting—Tin = 30 °C, (b) solidification—

Tin =15 °C.

4. Conclusions

This incorporation of rectangular mini-channels with internal air passages into an LTES
component was studied, considering two types of configurations. Three-dimensional phase
change simulations of RT22 in a cuboid of 0.15 x 0.15 x 0.1 m?, with vertically oriented
channels, were carried out. The channels have different hydraulic diameters and aspect
ratios of the internal flow passages while having almost similar volume and external heat
transfer surfaces. In channel-2, fins were also investigated to enhance thermal performance.

The simulation results show that the thermal performance of the system is enhanced as
the number of channels increases in both the channel-1 and channel-2 cases. The mean UA
value increases as the number of channels increases and the PCM packing factor decreases.
The enhancement is majorly attributed to the increase in the external surface area with a
higher number of channels, while the air flow rate per channel decreases given a constant
total air flow rate entering the cuboid.

Increasing the flow rate improves the mean UA value in both melting and solidification.
For instance, for channel-1 with PF = 82.4%, channel-2 with PF = 82% and finned channel-2
with PF = 80.2%, the mean UA value of melting increases by 30%, 35% and 44% as the total
flow rate of the HTF increases from 7 L/s to 24 L/s, respectively.

The comparison of channel-1 and channel-2 with similar packing factors shows that
the difference in the air heat transfer coefficient has an insignificant effect on the mean phase
change powers and the mean UA values. For instance, the air heat transfer coefficients of
channel-2 with PF = 82.0% are about 30—40% higher than those of channel-1 with PF = 82.4%,
for the simulated total flow rate of 7-24 L/s. However, the enhancement in the mean UA
values of the former lies within 1-5%, as compared to the latter, credited to its minor higher
external surface area. Adding fins to the channel-2 cases, doubling the heat transfer area
on the PCM side, can increase the mean UA values by 15-31% for the entire ranges of
simulated flow rates and packing factors.

Another benefit with channel-2 is the considerably lower pressure drop as compared
to channel-1. This is due to its higher hydraulic diameter, particularly with high total
flow rates and high packing factors. Given a constant flow rate, the channel-2 configu-
rations have higher PEC than the channel-1 configurations, achieving a higher gain in
stored /extracted thermal energy in exchange for the used fan power.
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The results show that the mini-channels could be optimized to have a higher per-
formance in heat transfer with a lower pressure drop. The metal 3D printing method,
as an alternative method in manufacturing conceptual designs, could be used in imple-
menting innovative features. This includes optimization of the hydraulic diameter and
the aspect ratio of the HTF passages, maximizing the area-to-volume ratio of the channels
and manufacturing innovative fin configurations to enhance the heat transfer on the PCM
side. Finally, optimization, manufacturing and experimental testing of the mini-channels
under laboratory conditions could be the next steps paving the commercialization of such
products and their usage on a large scale.
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Nomenclature

Ac cross sectional area (mm?)

As heat transfer surface area (mm?)
Amushy mushy parameter

AR aspect ratio

Cp specific heat (kg—_]K)

dp hydraulic diameter (mm)

g gravity (37)

k thermal conductivity (%)

h sensible enthalpy (11(%)

H total enthalpy (l%)

L latent heat of phase change (l%)
N number of channels

Q power (W)

Q energy (k])

P pressure (Pa)

Re Reynolds number [Ludh]

S source term

t time (s)

T temperature (°C)

UA total heat transfer unit (%)

U heat transfer coefficient (%)
A% velocity ()

Vol volume (m?)
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Abbreviations

HTF heat transfer fluid

LMTD logarithmic mean temperature difference
LTES  latent thermal energy storage

PCM phase change material

PEC performance evaluation criterion

Subscripts

avg average

in inlet
m melting
out outlet
s solid
w wall
Greek Letters
«  Thermal diffusivity (ch,,)
B expansion coefficient (%)
A Difference
¢ small number
A porosity factor
p  viscosity (Pa-s)
p  density (%)
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Abstract: Sugar alcohols belong to a promising category of organic phase change materials (PCM)
because of their high latent heat and density compared to other PCM. However, some sugar alcohols
have shown latent heat degradation when heated above their melting temperature. Most of the
available studies report the structural changes of erythritol during cycling rather than its thermal
stability at constant temperature. This study aimed to assess the effect of thermal treatment on
erythritol thermal, chemical and physical properties, as well as to find means to enhance its thermal
stability. Erythritol and its mixtures with antioxidant were heated and maintained at different
temperatures above its melting point. Erythritol was analyzed before and after thermal treatment via
Fourier-transform infrared spectroscopy and differential scanning calorimetry. It was suggested that
the degradation of latent heat follows a first order reaction. Mixtures of erythritol with antioxidant
had a lower degradation rate compared to pure erythritol under air. Sample browning was observed
along the heating treatment of mainly pure erythritol. Antioxidant was found to help to reduce
erythritol degradation. No chemical composition changes were detected in samples under argon
atmosphere and overall good thermal stability was found throughout the testing period.

Keywords: phase change material; sugar alcohol; erythritol; latent heat storage; thermal stability;
degradation kinetics

1. Introduction

An efficient use of renewable energy resources, such as solar energy, is increasingly
being considered as a promising solution to global warming. However, solar energy is
intermittent in nature and its intensity depends on the hour of the day and local weather
conditions [1,2].

It is necessary to establish thermal energy storage (TES) technologies in order to
steadily utilize the unused thermal energy. The main role of energy storage systems is
to reduce the time or rate mismatch between energy supply and energy demand [3]. In
Europe, it has been estimated that around 1.4 million GWh per year can be saved and
400 million tons of CO2 emissions avoided in buildings and in industrial sectors by more
extensive use of heat and cold storage [4].

Sensible and latent heat storage are considered as the basic types of TES techniques.
Sensible heat storage (SHS) is based on the temperature change in the material. SHS
systems use the heat capacity and the change in temperature of the storage medium during
the charging/discharging process. Therefore, the temperature of the storage material
increases when energy is absorbed and decreases when energy is released [5]. Latent
heat storage (LHS) is based on the heat absorption and release when the storage medium
undergoes a phase change. A solid-liquid phase change via melting and solidification can
store large amounts of thermal energy. Usually, a small volume change (<10%) occurs
upon melting. Therefore, the pressure is not changed significantly and, hence, melting and
solidification of the storage material proceed at a constant temperature. Upon melting, the
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storage material keeps its temperature constant at the melting temperature, which is also
called temperature of transition [6]. Stored latent heat during the phase change process is
calculated from the enthalpy difference (AH) between the solid and liquid phase, which is
called melting enthalpy or heat of fusion.

Phase change material (PCM) can be used to store thermal energy or to control the
temperature swings within a specific temperature range. The operating principle of PCM is
the following: as the temperature rises and reaches its melting temperature, PCM absorbs
heat in an endothermic process and changes phase from solid to liquid. Similarly, as the
temperature drops under its melting temperature, PCM releases heat in an exothermic
process and returns to its solid phase [7]. According to its properties, PCMs have several
application possibilities. A PCM filled window system was proposed by Ismail and
Henriquez [8] taking advantage of the translucent and thermal properties of the selected
PCM. Some PCMs are highly transparent for the visible part of solar radiation whereas
the infrared part is absorbed within the PCM, which allows both the advantages of a
daylighting element and of energy storage to be achieved [9]. In addition, coconut fat
recovered from underused feedstocks have been used as bio-based PCM for its application
in building envelopes due to its good physical, chemical and thermal properties [10].

Sugar alcohols (SA), also called polyols [11], are attractive bio-based materials to be
used as PCM. Additionally, as by-products from the food industry, SA are non-corrosive,
non-toxic and environmentally friendly [12]. They have great potential in many TES
applications due to their high mass and volume-specific melting enthalpies compared to
other organic PCM [13]. SA have melting temperatures ranging between 90 and 200 °C.
However, some SA are not stable at higher temperatures [6].

Erythritol is a promising organic PCM for recovering solar energy and industrial
waste heat at temperatures up to 160 °C [14]. Erythritol is a material emerging as PCM
due to its attractive TES properties. Erythritol’s melting point varies in literature [11,14-16]
between 117 °C and 119 °C according to its purity percent and manufacturer. In addition,
it has a high latent heat of 340 J/g, almost equivalent to that of the ice to liquid water
phase change.

Kaizawa et al. [14] studied the thermophysical properties of erythritol using differen-
tial scanning calorimetry (DSC), thermogravimetry-differential thermal analysis (TG-DTA)
and a heat storage tube. Palomo del Barrio et al. [11] carried out an experimental characteri-
zation of erythritol by measuring their physical properties such as specific heat and thermal
conductivity, among others. The suitability of erythritol as PCM was examined by Kakiuchi
et al. [15] according to its thermodynamic, kinetic and chemical properties. Zhang et al. [17]
found that the crystal growth speed of some SA is highly dependent on temperature,
whereas Lopes Jesus et al. [18] claimed that the solid erythritol obtained from the melt
has different degrees of crystallization depending on the used cooling rate. Some eutectic
mixtures have also been studied, such as erythritol-xylitol or erythritol-sorbitol [19], and
erythritol-based composites with the addition of expanded graphite and carbon nanotubes
were also evaluated by Guo et al. [20]. However, all these studies addressed thermal cycling
tests rather than erythritol thermal stability at constant temperature, which would allow
a degradation rate to be determined under conditions closer to real operation. On the
other hand, Nomura et al. [16] investigated the heat release performance of a direct-contact
heat exchanger using erythritol as PCM along with a heat-transfer oil. The suitability
and appropriate parameters for charging and discharging erythritol to power a LiBr/H,O
absorption cooling system were assessed by Agyenim et al. [21]. Kaizawa et al. [22] studied
the thermal and flow behaviors in a trans-heat container filled with erythritol as part of a
waste heat transportation system. Nevertheless, the conclusions made by these authors are
ambiguous about the performance of erythritol as PCM.

Therefore, this study aims to investigate the effect of thermal treatment on the erythri-
tol thermal properties at constant temperatures above its melting point. The experiments
are also conducted under an inert atmosphere and an antioxidant is added to the samples.
Degradation rates at different temperatures and conditions (under air/inert atmosphere

122



Appl. Sci. 2021, 11, 5448

and with/without antioxidant) are calculated. In addition, degradation kinetics with
respect to its latent heat are evaluated. A mechanism of oxidation of erythritol under air
is proposed, as well as the possible underlying mechanism on the stability enhancement
of erythritol by antioxidant. The reaction pathway of thermal dehydration of erythritol
and the likely relationship between dehydration and oxidation products with the sample
browning are suggested

2. Materials and Methods
2.1. Materials

ZeroseTM Erythritol with a purity of 99.5% was purchased from Cargill and used
without further treatment. Irganox 1010® from BASF [23] was used as antioxidant. Irganox
1010® is a phenolic antioxidant which has been used to stabilize organic polymers against
thermal oxidative degradation [24,25].

2.2. Sample Preparation

Samples were prepared in a mortar by manually grinding and mixing erythritol with
5 wt.% of antioxidant. An amount of 220 £ 0.4 mg of each sample was filled into the glass
vials (1.5 mL, ND11) and then sealed using a PTFE/silicon septum and an aluminum crimp
cap. In order to create an anoxic environment inside the vials, some samples were purged
with argon for 10 min by using two cannulas as inlet and outlet. Samples that did not
get further treatment after the sealing process were used to assess the degradation under
air atmosphere. Pure erythritol samples were also used as blanks for each experiment.
All samples were weighed after sealing them using a Secura® Analytical Balance from
Sartorius (224-1S) with an uncertainty of +0.1 mg.

The glass vials filled with the samples were placed in aluminum blocks according
to their atmosphere (air and argon). Each of these blocks had an aluminum lid, which
was attached with four screws (Figure 1). For the experiments under argon atmosphere, a
gas inlet and outlet of the aluminum blocks was connected with a plastic hose to nitrogen
stream, which flowed through the block continuously (Figure 1). A continuous flow rate
of 30 cm3/min of nitrogen was used then to reduce the traces of oxygen that may have
remained between the block cavities and the glass vials, as well as to prevent it from
entering the vials.

¢

Figure 1. Left: aluminum block used for tests under air. Right: aluminum block with gas inlet and outlet for tests under

argon atmosphere.

2.3. Thermal Treatment

Once the aluminum blocks were loaded with the sample vials, they were heated and
maintained at a constant temperature of 121 °C, 131 °C and 141 °C £ 1 °C, respectively.
After 10 £ 5 h, one vial after the other was taken out of the aluminum block. Samples
of pure erythritol under air and under argon with antioxidant at 141 °C had a shorter
heating time (8 & 4 h) due to the technical capacity in the lab. This method allowed all
batch samples (9 samples per block) to be exposed to the heating temperature for different
periods of time, and hence, changes in the melting enthalpy could be assessed while
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increasing the thermal treatment time. Thermal degradation tests were performed for
about a maximum of 100 h. In addition, samples of pure erythritol under argon atmosphere
and with 5 wt.% antioxidant under air, both at 141 °C, were assessed over a period of 935 h.
Table 1 summarizes the performed experiments.

Table 1. Summary of the performed experiments.

Atmosphere Sample Temperature [°C] Thermal Treatment Time Test Duration
Erythritol 11 100 h Short-term-test

Erythritol/ Antiox 100 h Short-term-test

Air Erythritol 131 100 h Short-term-test
Erythritol/ Antiox 100 h Short-term-test

Erythritol 141 78 h Short-term-test

Erythritol / Antiox 100 h Short-term-test

Erythritol 1 100 h Short-term-test

Erythritol / Antiox 100 h Short-term-test

Argon Erythritol 131 100 h Short-term-test
Erythritol/ Antiox 100 h Short-term-test

Erythritol 141 100 h Short-term-test

Erythritol / Antiox 74h Short-term-test

Air Erythritol/ Antiox 141 935h Long-term-test
Argon Erythritol 935h Long-term-test

After the samples cooled down to room temperature, they were weighed again. An
inert atmosphere was also kept for the samples prepared under argon until they solidified.
Finally, each sample was taken out from its vial and processed into a homogeneous mix
via manual grinding in a mortar. It is important to note that all samples were already solid
when ground to avoid further effects in the melting enthalpy. Keeping an inert atmosphere
while the samples were melted was relevant in order to assess if such atmosphere affects
the melting enthalpy during the heating.

2.4. Differential Scanning Calorimetry (DSC) Characterization

Latent heat of fusion of the samples after the thermal treatment described in Table 1
was determined via differential scanning calorimetry using a Discovery DSC 2500 man-
ufactured by TA Instruments with an uncertainty of 2%. The DSC cell was purged with
50 mL/min nitrogen while measuring the sample. After the heating procedure described in
Section 2.3, sample amounts of about 8-9 mg were placed in Tzero® aluminum pans with
aluminum pierced lids. An inert atmosphere was maintained during the whole cycling.
Each sample was analyzed in triplicate and the obtained data were averaged. The DSC tests
comprised three different cycles. During the first cycle, the sample was heated to 130 °C
and then cooled down to 0 °C, both with a heating rate of 10 K/min. Isothermal periods
of five minutes were added after reaching both temperature limits (0 °C and 130 °C). The
next two cycles were carried out at a heating rate of 1 K/min following the same process
of the first cycle. The data were collected from the last heating cycle. Obtained data were
analyzed using TRIOS v4.1.1.33073 software.

2.5. Proposed Kinetic Model of Latent Heat Degradation

Thermal degradation of tests performed at different temperatures was evaluated using
constant temperature kinetics based on latent heat (L) measured via DSC according to
Sagara et al. [26]. A fraction of reaction («) was defined according to Equation (1) as the
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change with respect to the initial material property. Thus, L is the recorded latent heat after
the heat treatment at a certain time, ¢, while L is the latent heat before the heat treatment.

Lt
a=1-— Lo 1)
Kinetics of thermal degradation is usually based on Equation (2):
du
= K- 2
T K-f(a) 2

where « is the fraction reacted in time t, and f(«) is the reaction model, which depends on
the reaction mechanism according to different physical models [27-29]. Finally, the rate
constants (k) for each test were calculated at three different temperatures (121 °C, 131 °C
and 141 °C), and the Arrhenius parameters were determined according to Equation (3):

K=Aew 3)

2.6. Fourier-Transform Infrared Spectroscopy (FTIR) Analysis

Erythritol thermal stability and changes in its molecular scale, bonds and functional
groups after being heated at three different constant temperatures (121 °C, 131 °C and
141 °C) were assessed with a Fourier transformation infrared spectrum analysis (FTIR).
FTIR measurements were carried out before and after the thermal treatment in the heating
chamber described in Section 2.3. FTIR spectra were recorded on a Spectrum Two™ FT-IR
spectrometer from PerkinElmer, in the region 4000-450 cm~!. The obtained data were
analyzed with PerkinElmer Spectrum™ 10 software and OriginPro 9.1.

3. Results and Discussion
3.1. Mass Loss

The measured time-dependent mass loss percentages were fitted in a linear regression
based on the least squares method. Mass loss rates were represented as the slope of the
linear regression, while the uncertainty of each rate was described as the standard error of
the given slope. Figure 2a shows the results of all tests.
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Figure 2. (a) Percentage of mass loss per hour at 121 °C, 131 °C and 141 °C for short-term tests. (b) Percentage of mass loss

at 141 °C for long-term test.
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Samples of pure erythritol under air registered the highest mass loss rates along the
short-term heating treatment: 0.0063 £ 0.0008%/h, 0.0082 =+ 0.0007%/h and
0.0136 & 0.0014%/h at 121 °C, 131 °C and 141 °C, respectively. An upward trend in the
percentage of mass decrease regarding heating temperature for both groups of short-term
tests under air was registered. The use of antioxidant helped to diminish the temperature
effect on the mass content loss of samples under air as seen in Figure 2a. When heated at
141 °C and after 935 h (long-term test) erythritol with antioxidant under air lost nearly 5%
of its mass. However, it seems that the antioxidant was consumed during the first 600 h,
since after 597 h its mass loss rate tripled the initial one, as shown in Figure 2b.

Regarding samples under argon atmosphere, a mass loss rate increase was also
recorded. Temperature, however, had a lighter impact on these results in comparison
with the registered values of the samples under air. In addition, adding antioxidant did not
have a major impact on the samples under Argon. Vials were weighed before and after
filling them with argon, as well as after the heating procedure. As a result of the argon
purge, vials were not completely sealed anymore due to the use of cannulas on the lids.
Thus, by the end of the experiment it was not possible to assure that the registered mass loss
was related only to the sample itself and not to a loss of argon during the heating treatment.

Erythritol mass loss could be associated to oxidation and dehydration reactions. Dur-
ing oxidation, several fragmentation products can be formed (see Section 3.4). Fragmenta-
tion produces low molecular weight products with high vapor pressures. Fragmentation
products may then evaporate, increasing the mass loss rate. In addition, dehydration
of erythritol yields 1,4-erythritane, which can be further dehydrated to form carbonyl
compounds also affecting the mass loss ratio. Samples of pure erythritol were more suscep-
tible to oxidization due to the higher oxygen availability in comparison to samples with
antioxidants or argon. Dehydration reactions may also have followed. Therefore, mass
loss rates of pure erythritol at the three tested temperatures were also the highest. On
the other hand, mass loss of both types of samples under argon is more likely related to
dehydration reactions of erythritol. Kakiuchi et al. [15] claimed that the degradation of
erythritol depends on oxygen concentration. In addition, as it is known, increasing the
temperature at which a reaction takes place generally speeds up the rate of reaction. These
last two statements can also be confirmed in Figure 2a.

3.2. Latent Heat Degradation

As described in Section 2.4, each sample was analyzed in triplicate and the obtained
data were averaged. The standard deviation of each sample was estimated from the
calculated average and presented as error bars.

Figure 3a depicts the results of the latent heat degradation for the short-term experi-
ments at 141 °C. Pure erythritol under air suffered the highest latent heat loss over time. A
latent heat reduction of 22.7% regarding the initial value was registered. Adding antioxi-
dant helped to improve the thermal stability of samples under air. However, due to the fact
that enthalpy is an extensive property, its magnitude is proportional to the amount of the
substance that reacts. Therefore, the latent heat value is reduced by the percentage of added
antioxidant. The enthalpy of fusion of samples with antioxidant will then be lower than
the value of the polyol itself, as it is also shown in Figure 3a. Both experiments under argon
atmosphere registered lower latent heat reductions in comparison with erythritol under air.
Pure erythritol and erythritol-antioxidant lost 2.8% and 2% of their initial enthalpy values
by the end of the test, respectively.

Registered latent heat values were fitted in a linear regression in order to get the
degradation rates for all experiments (Figure 3b). An upward trend in the latent heat
degradation rate regarding heating temperature was registered for all experiments, with
the highest degradation rates for pure erythritol under air. Samples with antioxidant under
air showed lower latent heat degradation rates than pure erythritol samples. Latent heat
degradation rates of 0.13 £ 0.030 kJ/(kg h), 0.14 £ 0.024 kJ/(kg h) and 0.15 £ 0.021 kJ/
(kg h) were registered for samples at 121 °C, 131 °C and 141 °C with antioxidant under air,
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respectively. This represents about 3 to 4 times less than samples without any additive and
under air. Thus, it seems that the temperature rise in combination with antioxidant did not
influence the degradation rates of samples under air as much as those of the samples of
pure erythritol under air. However, the degradation rate during the long-term test starts to
increase from 260 h onwards to a value of 0.19 =+ 0.005 kJ/ (kg h), which could be due to
the gradual consumption of antioxidant during the experiment of 935 h (Figure 4a).
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Figure 3. (a) Evolution of latent heat values over time during the short-term experiment at 141 °C. (b) Latent heat

degradation rate for short-term tests at three different temperatures.
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Figure 4. (a) Evolution of latent heat values over time during long-term experiments at 141 °C. (b) Latent heat degradation

rate for long-term experiments at 141 °C.

Likewise, Figure 3b shows that lower degradation rates were obtained for both ex-
periments conducted under argon atmosphere, the highest one being 0.06 £ 0.02 kJ/
(kg h) for tests at 141 °C. Since the latent heat of fusion recorded from tests under an argon
atmosphere decreased less than under air, the slopes of linear fittings were close to zero,
resulting in a high standard deviation of the slope. In addition, Figure 4a depicts how the
latent heat of fusion of the samples under an argon atmosphere decreased less by the end
of the long-term test than those with antioxidant under air, with an average degradation

127



Appl. Sci. 2021, 11, 5448

rate of only 0.01 £ 0.001 kJ/(kg h), as shown in Figure 4b. This indicates that an anoxic
environment diminishes the erythritol degradation for exposure times up to 935 h.

Latent heat decrease of sugar alcohols after heating has previously been reported [30,31].
It is suggested that the hydrogen bonding structure of erythritol can be weakened and
eventually destroyed by temperature increasing, which in turn may cause a decrease in
its latent heat [32,33]. Inagaki and Ishida [34] claimed that in the case of sugar alcohols a
majority of the released/stored thermal energy originates from the change of electrostatic
interaction energy associated with formation/disruption of intermolecular hydrogen bonds
in the solid—liquid phase transition. That is, a larger number of intermolecular hydrogen
bonds in the solid phase causes a stable solid phase in terms of electrostatic energy. In
addition, Matuszek et al. [35] found that latent heat depends on the concentration and
strength of hydrogen bonding present in the crystal structure and on the extent of disruption
of the crystal phase at elevated temperatures. The same author mentioned that an ideal
PCM is one in which many strong hydrogen bonds are present in the crystalline phase and
which are readily disrupted on melting. A decrease in latent heat may also be attributed
to incomplete crystallization during cooling from the melt. In the case of erythritol, it did
not crystallize completely while increasing the temperature of the heating treatment (see
Section 3.4). Thus, less energy was required to melt the sample than it would have needed
if it had crystallized entirely.

3.3. Kinetic Analysis of Latent Heat Degradation

Kinetics of thermal degradation is usually based on Equation (2). After rearrangement
and integration, Equation (2) becomes Equation (4)

o dﬂé t
Om:k/odt 4)

where the left side of the equation is the integrated form of the reaction model g(«),

according to Equation (5)
=g ®
o flw) "~ ¥

Substitution of Equation (5) in Equation (4) leads to Equation (6)

g(a) =kt (6)

where g(«) is the integrated reaction model. Selecting the best-fit reaction model in
Equation (6) gives a straight line by plotting g(«) versus time t. Nomura et al. [36] showed
that a first order reaction, expressed as —In(1 — «), is suitable to describe the degradation
of the latent heat of sugar alcohols.

As could be seen in Section 3.2, melting enthalpy values obtained from tests under an
argon atmosphere remained more stable over time. The 100 h test period was rather short
to observe significant latent heat changes. Therefore, the reaction kinetics for tests under an
argon atmosphere were not assessed. Figures 5a and 6a depict the data obtained for tests of
pure erythritol under air and with antioxidant at the three given temperatures, respectively.

The rate constant (k) was determined from the slope of the straight line. Furthermore,
the rate constants (k) were calculated at the three given temperatures and the Arrhenius pa-
rameters were determined according to Equation (3). Figures 5b and 6b show the Arrhenius
plot for tests of pure erythritol under air and erythritol with antioxidant, respectively.

Reaction rates (k) obtained for erythritol under air increased when the temperature
increased. These changes were more evident in samples of pure erythritol. Temperature is
a factor that affects reaction rates, i.e., an increase in temperature normally increases the
rate of reaction. The temperature dependency of reactions is in turn determined by the
activation energy. Activation energy (Ea) values of 41.65 kJ/mol and 5.55 kJ/mol were
calculated according to Equation (3) for tests of pure erythritol under air and erythritol
with antioxidant, respectively.
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Figure 5. (a) Plot of degradation of latent heat —In(1 — «) versus time t for pure erythritol under air at three different
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Figure 6. (a) Plot of degradation of latent heat —In(1 — «) versus time t for erythritol with antioxidant under air at three

different temperatures. Data points were subjected to a least squares fitting. (b) Arrhenius plot for latent heat thermal

degradation of erythritol with antioxidant under air. Data points were subjected to a least squares fitting.

Even though the reaction rates (k) of erythritol with antioxidant tend to increase with
increasing temperature as shown in Figure 6a, the effect is not as considerable as it is in pure
erythritol samples. Antioxidant was found to diminish the thermal degradation during
heating under air and its corresponding samples were less temperature sensitive than those
without any added additive. Temperature-sensitive reactions have high activation energies,
that is, the higher the activation energy, the faster the reaction is by increasing temperature.

3.4. Chemical Degradation

Samples of pure erythritol under air suffered the most evident physical changes after
the thermal treatment. Pure erythritol experienced a significant consistency change, from
a loose white powder to a brown sticky paste by the end of the tests. Several samples of
pure erythritol under air did not directly solidify after being placed at room temperature.
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Erythritol under air became brown with increasing temperature and time under thermal
treatment, as can be seen in Figure 7.
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Figure 7. Samples of pure erythritol under air for short term at (from left to right) 121 °C, 131 °C and 141 °C.

No exothermic peak was observed in the cooling scan of the sample heated at 141 °C
for 78 h, which also did not solidify at room temperature (Figure 8a). This indicates that
erythritol became a glass and not a crystal during cooling. The occurrence of a glass
transition can be confirmed in the heating scan of the same sample (Figure 8b), in which an
exothermic peak can be seen around 6 °C. The latter agrees with the results obtained by
other authors [18,37,38]. This exothermic peak corresponds to the cold crystallization of
the amorphous phase created in the previous cooling (crystalline phase A). As erythritol
was further heated up, a solid/solid transformation took place at around 74 °C, depicted
by another small exothermic peak. During solid/solid transformation another crystalline
phase similar to the single crystal of meso-erythtritol is formed (crystalline phase B) [38].
Afterward, the final crystalline structure melts at around 120 °C. A solid/solid trans-
formation could take place at three different temperature ranges: about 65 °C, between
15 and 43 °C and about 75 °C. All heating curves of Figure 8b show exothermic peaks
around the aforementioned temperature ranges. Each type of solid/solid transformation
that takes place is related to the different paths of the erythritol s crystallization process.
The solid /solid transformation has been reported as an entropically driven process, since
heat is not involved [18,37]. However, the exothermic peaks that appeared in the heating
scans suggest that the solid/solid transformation that occurred involved heat. Similar
results were obtained by Nakano et al. [38]. In addition, melting peaks shifted to lower
temperatures while increasing the heating treatment time of the sample. Other sugar alco-
hols have showed similar melting temperature shifting as treatment time or temperature
was increased [31,37]. The presence of four hydroxyl groups in erythritol gives rise to a
system of intermolecular and intramolecular hydrogen bonds. Molecular structure and
properties, such as melting point, are related to hydrogen bonding [33]. The length and
strength of hydrogen bonds are sensitive to temperature, as both vary with temperature
quadratically [39]. Thus, the melting point could be reduced by weakening the hydrogen
bonding when heating the material.

Erythritol with antioxidant under air suffered a slight browning compared with the
samples without additive. Samples that were kept longer in the heating chamber suffered
the most noticeable changes. On the other hand, pure erythritol under argon barely changed
its color along the heating treatment, however, one sample at the highest temperature did
not solidify immediately. Sample browning was also not observed in erythritol-antioxidant
under argon and all samples solidified at room temperature. Unlike pure erythritol, all
erythritol-antioxidant samples under air solidified at room temperature. Burgoa et al. [40]
reported that Irganox 1098, a hindered phenolic antioxidant, acted as a nucleating agent
in a thermoplastic vulcanizate blend. Zhang et al. [41] claimed that in hindered phenols
with a symmetrical structure the formation of hydrogen bonds is high, which leads to
agglomeration and crystallization of the system where it is used. Since Irganox 1010 has a
high symmetric molecular structure, it may have promoted the crystallization of erythritol.
However, further investigation to confirm this latter point is advised.
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Figure 8. DSC (a) cooling and (b) heating scans of pure erythritol samples as received (iii), after 50 h (ii) and after 78 h (i) at

141 °C.

It is assumed that erythritol may undergo oxidation and dehydration reactions. In
the presence of air and according to the proposed mechanism of oxidation of erythritol
based in reactions already reported in the literature [42-45], hydrogen abstraction either
from the carbon chain (Pathway A) or from a hydroxyl group (Pathway B) could take place.
Pathway A leads to the formation of carbonyl groups by adding oxygenated functional
groups to the carbon chain. In pathway B the resulting alkoxy radicals are decomposed via
C-C bond scission, generating fragmentation products, as shown in Figure 9. The former
case increases vapor pressure by approximately 1 order of magnitude, while the latter may
increase volatility by a much larger degree by reducing the carbon number of the product
molecules [42].

Irganox 1010 is a primary antioxidant, known as a h-donor and as radical scavenger.
In accordance with the mechanism of oxidation of erythritol under air, two different alkyl
radicals (Re) can be formed in pathway A, which in turn react with molecular oxygen to
produce their corresponding peroxy radicals (ROOe). As mentioned before, oxidation of
pathway B also produces alkoxy radicals (ROe). Primary antioxidants terminate oxidation
by scavenging Re, ROOe and ROe radicals. In oxygen-rich conditions alkyl radicals react
too fast with molecular oxygen and hence their lifetime is shortened enormously, which
makes that alkyl radical scavenging become less important [46]. Irganox 1010 (ArOH)
converts peroxy and alkoxy radical into inactive products and phenoxy radicals (ArOe).
Phenoxy radicals are less reactive; however, they still can react with other ROOe /ROe
yielding non-radical products (ROO/ROArO). These non-radical products can rearrange
once to regenerate the phenolic antioxidant group, allowing further radicals to be scav-
enged [46,47]. However, once the antioxidant is fully consumed erythritol will begin to
degrade as in the case of the long-term test under air.
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Figure 9. Proposed mechanism of oxidation of erythritol under air. Pathway A: abstraction of hydrogen atom to form alkyl
radicals, which in the presence of oxygen are turned into peroxy radicals. Peroxy radicals can undergo the unimolecular
HO; elimination process yielding carbonyl compounds. Pathway B: abstraction of hydrogen atoms to form alkoxy radicals,
which undergo decomposition via C-C bond scission.

It has been reported that erythritol, as polyol, undergoes neither Maillard browning
nor caramelization [48-50]. Even though some authors have suggested that the browning
of sugar alcohols (D-mannitol) may be related to caramelization reactions [37,51], they have
not detected sugar caramelization products, such as hydroximethyl furfural (HMF) and
hydroxyacetyl furan (HAF), but «, -unsaturated carbonyl groups. However, these latter
compounds may also be produced during dehydration reactions of polyols. Conjugated
ketones, also known as enones, are a type of «, 3-unsaturated carbonyl, which are found to
be responsible for the color change in various systems. Conjugated ketones may have con-
tributed to the brown coloration of a commercial pentaerythritol tetraester oil [52]. A slight
yellowing of the polyvinyl chloride (PVC) was observed due to the formation of conjugated
double bonds, which when increasing turned the PVC dark brown to finally black [53].
Color formation was also related to the increase of conjugated double bonds during thermal
degradation of poly(L-lactic acid) (PLLA), as its UV-Vis spectra became stronger in intensity
while the processing temperature increased [54]. Bayon and Rojas [37] also observed an
increase of absorption in the UV-Vis spectra of D-mannitol when kept for longer times at
180 °C under air. In addition, they confirmed the occurrence of «-3 unsaturated carbonyl
groups, such as 4-methylpent-3-en2-one, which display absorption bands between 240 nm
and 320 nm, as a likely indicator of D-mannitol degradation. 4-methylpent-3-en-2-one
is a well-known conjugated ketone generated in the aldol condensation of acetone on
dehydration [55]. As mentioned before, erythritol became steadily brown with increas-
ing temperature and time of thermal treatment, which is in good agreement with the
time/temperature dependency of the formation of «, 3-unsaturated carbonyl groups. In
addition, Zeitsch [56] claimed that color build up in furfural is due to an increasing number
of conjugated double bonds triggered by oxygen. Oxygen triggers discoloration by produc-
ing radicals, which attack the double bond of a furfural molecule leading to the formation
of an uninterrupted sequence of conjugated double bonds. As already mentioned, pure
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erythritol under air had the biggest color change after heating treatment, which suggests
the formation of conjugated carbonyl systems from the oxidation products. Therefore, it is
suggested that erythritol browning is rather related to the formation of conjugated carbonyl
compounds when it oxidizes/dehydrates than to the caramelization process.

On the other hand, dehydration of erythritol at high temperatures has been re-
ported [15,52,57]. The experimental method that Kakiuchi et al. [15] described is closer to
the one used for this study, as erythritol under air was also heated up to 140 °C and kept
there for a period of time. Even though the experimental conditions reported by the above-
mentioned authors differ from each other, all of them confirmed 1,4-anhydroerythritol as
the first reaction product of the dehydration of erythritol. Thus, not only oxygen concentra-
tion, but also temperature and heating time affect the dehydration process of erythritol.
Bayon and Rojas [37] mentioned the formation, not only of cyclic ethers, but also of other
products through different reaction pathways of thermal dehydration of polyols, giving
place to the o, B-unsaturated carbonyl (or enones) groups. Intramolecular dehydration of
polyols leads to cyclic ether production via an SN? substitution process [58]. Intermolecular
dehydration can lead to, among others, carbonyl compounds via a carbocation intermediate
(SN! mechanism) [59,60]. Ott [61] found the occurrence of carbonyl compounds via enolic
intermediate by dehydration at the C-2 position of erythritol. Due to the occurrence of
carbonyl compounds, many further possible subsequent reactions can follow, such as aldol
additions and condensations, which in turn can give place to the &, 3-unsaturated carbonyl
groups mentioned also by Bayon and Rojas [37].

Figure 10a shows the FT-IR spectra of samples of pure erythritol under air before and
after being heated. As temperature was raised, intermolecular hydrogen bonds weakened,
and hence, the hydroxyl bonds strengthened [32]. This caused the -OH absorption band of
unheated sugar alcohol (~3225 cm~1) to move to higher wave numbers (up to 3240 cm™ 1)
at higher temperatures. The new peak that appeared at ~1716 cm ! in the thermally treated
samples indicates the likely presence of carbonyl groups. In addition, a C=0O stretching of
a conjugated double bond of a ketone appeared at around 1640 cm ™! only for the heated
samples [62]. This confirms the formation of conjugated carbonyl groups after heating
treatment under air. As proposed, erythritol undergoes oxidation/dehydration reactions
when heated under air. Both reactions give rise to carbonyl compounds and conjugated
double bonds with similar absorptions bands. Hence, it is hard to confirm which one of
the processes was the one that generated the products shown in the FTIR spectra.

Irganox 1010® contains ester linkages [63], which are represented by the absorption
peak at ~1730 cm ! of the unheated samples in Figure 10. Heated samples with antioxidant
under air (Figure 10c) show weak peak intensities at ~1730 cm 1. This is most likely due to
the consumption of antioxidant during thermal treatment, since there was high oxygen
availability. In contrast, Figure 10d shows stronger peak intensities at ~1730 cm~! for
all heated samples. This could be related to a higher amount of antioxidant remaining
in samples, as these were under argon atmosphere, and therefore, there was less oxygen
to scavenge.

Unlike samples of pure erythritol under air, the FI-IR spectrum recorded for samples
under argon atmosphere (Figure 10b) did not show significant changes either in the shape
or in the wave numbers of absorption bands of carbonyl functional groups.
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Figure 10. FT-IR spectra of the short-term-tests for (a) pure erythritol under air; (b) pure erythritol under argon atmosphere;
(c) erythritol with antioxidant under air and (d) erythritol with antioxidant under argon atmosphere.

Lastly, Figure 11a depicts that after around 935 h of thermal treatment, in the long-
term tests, two peaks appeared at ~1643 cm~! and ~1725 cm™~! in samples of erythritol
with antioxidant under air. As previously mentioned, absorption in this region corre-
sponds to carbonyl groups. The C=0 stretching of the conjugated ester is no longer visible
(~1730 cm™1), since the absorption bands corresponding to the oxidation/caramelization
products overlap. However, it is likely that the antioxidant has been depleted during the
long-term test, since as shown in Figure 10c, heated samples with antioxidant did not show
absorption in the carbonyl groups region, while Figure 11a shows similar absorption bands
as Figure 10a, which indicates an oxidation/dehydration process. Heated samples with
antioxidant under air show only weaker peaks in the Irganox 1010® absorption region after
100 h of thermal treatment compared to their corresponding unheated sample (Figure 10c).
In addition, as mentioned in Section 3.2, during the long-term test and only after 260 h, the
degradation rate started to increase, which could be another hint about the antioxidant
depletion. On the contrary, Figure 11b shows no chemical changes in pure erythritol under
argon atmosphere after the long-term thermal treatment.
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Figure 11. FI-IR spectra of the long-term-tests for (a) erythritol with antioxidant under air; (b) pure erythritol under

argon atmosphere.

4. Conclusions

Sugar alcohols belong to a promising category of organic phase change materials.
Erythritol is an attractive sugar alcohol due to its thermal energy storage properties. How-
ever, earlier studies indicate that erythritol tends to degrade under thermal cycling. Most
of the available studies report the structural changes of erythritol during cycling rather
than its thermal stability at constant temperature, which would allow a degradation rate
to be determined under conditions closer to real operation. In this study, the effect of
thermal treatment above the melting point on the erythritol thermal, chemical and physical
properties, as well as its degradation kinetics and the likely thermal stability enhancement
by adding antioxidant and using it under inert atmosphere, were addressed.

The latent heat of erythritol under air decreased with the increasing temperature
of thermal treatment as its hydrogen bonding structure was likely disrupted at high
temperatures. In addition, a decrease in latent heat may also be attributed to incomplete
crystallization during cooling from the melt.

Erythritol under air changed its color and some samples remained liquid after thermal
treatment. Sample browning upon heating could be related to the formation of conjugated
carbonyl compounds during oxidation/dehydration processes. Pure erythritol under air
underwent glass transition as no exothermic peak was observed in its DSC thermogram
during cooling. Erythritol under argon atmosphere, on the other hand, did solidify and its
color barely changed.

Fragmentation products generated during oxidation and carbonyl compounds, among
others, generated during dehydration increased the mass loss ratio in samples of pure
erythritol under air. Antioxidant helped to reduce this effect.

FT-IR spectra of erythritol under air showed the occurrence of carbonyl groups and
conjugated carbonyl compounds after thermal treatment. FT-IR spectra of erythritol under
argon did not show new absorption bands, which confirmed its chemical stability after
being heated above its melting temperature and up to 141 °C.

Minimal physical changes regarding color and consistency were observed in pure
erythritol under argon atmosphere after being thermally treated, thus physical stability
could be confirmed for up to 935 h of treatment. Finally, the degradation rate of latent heat
was reduced from 0.19 kJ / (kg h) to 0.011 k] / (kg h) when using an inert atmosphere.
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Featured Application: Energy efficiency and thermal comfort on vehicles.

Abstract: The automotive industry is one of the most contaminant; for this reason, solutions in
efficient matter has been proposed over the years. This research contributes to this subject by
evaluating the thermal comfort in the internal air of a vehicle by using a 20 mm layer of a phase-
change material attached to the rooftop interior of a car. The phase-change material selection is
based on a list of other materials proposed in previous research and chosen by multicriteria decision
methods. In this sense, the material savENRG PCM-HS22P proved to be the best. Moreover, a
simulation using the finite elements method showed how the PCM reduced the temperature of the
air by 9 °C when heating and by 4 °C when the temperature drops. To conclude, the multicriteria
selection methods chose the best material to absorb energy during the charging process and released
it during the discharging event in this automotive application.

Keywords: phase-change material; multicriteria decision; finite element; automotive; energy storage

1. Introduction

The utilization of air conditioning and heating systems to control passengers” comfort
in the automotive industry impacts the fuel consumption and economy, which makes
it necessary to improve the fuel efficiency [1-3], where the internal temperature of the
vehicle’s air, as a measurable factor of discomfort, should be controlled between 23 °C
and 28 °C [4]. In order to handle this, the development of energy-efficient solutions
have been implemented, one of these being Thermal Energy Storage (TES), which is
the most efficient in using the available heat resources [5,6]. In this sense, Latent Heat
Storage (LHS) is responsible for the accumulation of energy. In phase-change materials
(PCM), this phenomena takes place at a molecular level and triggers the transition between
phases [7], producing an endothermic reaction when melting and an exothermic reaction
when changing from liquid to solid [8]. In this sense, the performance of the PCM depends
on the climate and the amount of PCM [9]. Moreover, when talking about LHS, PCMs are
classified in organic PCMs, inorganic PCMs and eutectic mixtures; these last ones are mixes
of two or more composites that melt and solidify together [10].

The utilization of PCMs has been widely studied for the properties presented during
the phase change; in this sense, naming the research of Bakan et al., it has been stablished
the importance of the crystallization during the phase change and the requirement to
study the crystal growth in different temperature ranges. In this way, the crystal growth
of the PCM Ge;Sb;Tey, in a range of temperatures between 300 K and 870 K, has been
studied [11], allowing to develop a PCM with promising nanophotonic applications that has
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to be investigated [12]. Furthermore, the thermal applications of PCMs were investigated
to reduce the indoor temperatures and reduce the internal air temperature to reach a
maximum [13] by storing solar energy [14]. On the other hand, in the automotive industry,
PCMs have been used as thermo stabilizers for batteries of electric and hybrid vehicles, by
storing the overheat since natural and forced convection are not as efficient [6]. The size
of the radiator and the cooling fan also can be reduced by using PCMs and help the cold
ignite as well as recover the latent heat [15,16].

PCMs have a wide variety and different properties that are needed for different
applications [17]; in this sense, multicriteria decision methods (MCDM) have been used
in the selection of PCMs over several areas with great results. The methods used in
this research are the Analytic Hierarchy Process [18], the Technique for Order Preference
by Similarity to Ideal Solution (TOPSIS) [19], the VIKOR method [20] and the Complex
Proportional Assessment Methods (COPRAS) [21]. Moreover, the selection by MCDM was
validated by simulations of the superplastic forming for a vehicle’s components [22], as
well as the selection by MCDM and simulation to enhance the PCM by nanoparticles [23].
In this sense, finite elements analysis has been useful in automotive design, such as in disk
brakes and its thermo-mechanical behavior [24].

The building industry has had a leading role in the research of simulated PCMs selected
by MCDM, but the automotive sector does not much apply these tools for this benefit. With
this previous knowledge, this research aims to select the best PCM by MCDM means based on
a bibliographical research, to be applied in a 20 mm layer of PCM that will store energy in the
charging process and release it in the discharging event to control the internal air temperature,
and where this phenomenon will be simulated by computer-aided engineering.

2. Materials and Methods
2.1. Materials Determmination

Rastogi et al. did a research where 35 PCMs passed through a MCDM selection, where
the candidates were considered for heating, ventilation and air-conditioning application
in buildings; also in this investigation, the author takes in consideration the Figures of
Merit (FOMs), for the performance of the heat extraction per unit volume (FOM1) and
the response time of the material (FOM2). Thus, these criteria will be used as the base,
where 15 with the best specific heat capacity will be considered for the MCDM proposed
for automotive rooftop applications. However, in this selection, some materials from the
same family have the same specific heat capacity; for these materials, the one with the best
heat extracted per unit volume (FOM1) calculated is considered. In this way, the materials
PlusICE PCM A22, PlusICE PCM A23, PlusICE PCM S19, PlusICE PCM S21, PlusICE
PCM S25, Rubitherm GmbH PCM SP21E2, Rubitherm GmbH PCM SP25E2, Rubitherm
GmbH PCM RT21, Rubitherm GmbH PCM RT24, Rubitherm GmbH PCM RT25, Rubitherm
GmbH PCM RT27, Rubitherm GmbH PCM RT21HC and Rubitherm GmbH PCM RT22HC
are rejected and, in the case of the materials Rubitherm GmbH PCM SP24E and Rubitherm
GmbH PCM SP26E that have the same values, the series SP24E stands for its wide range of
phase-change temperatures [25]. In this sense, Table 1 displays the materials considered
with its thermal properties. Furthermore, it is important to point out that this investigation
will use the lowest thermal phase-change temperature and characteristics in the liquid
state; also, an M index was added to the materials as a label to be used in the MCDM
to be used instead of the full name. On the other hand, Table 2 shows the results of the
calculations made for the figures of merit [25].

2.2. Analytic Hierarchy Process (AHP)
For this automotive application, the following characteristics are searched for:

Phase change in an environment temperature;

Good density for a low volume change when changing phases;
Low fusion heat for a quick and efficient phase change;

High latent heat for efficient thermal storage;

Good thermal conductivity to transmit the thermal energy.

Ol L=
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Table 1. List of phase-change materials and their thermo-physical properties.

Phase- Densit Heat of Specific Heat Thermal
Compound (M) Change (kg /m3})’ Fusion Capacity Conductivity
Temp (°C) (kJ/kg) (kJ/kgK) (W/mK)
RUBITHERM GmbH, PCM SP 24 E M1 24-35 1500 190 2 0.6
PlusICE PCM, S23 M2 23 1530 175 2.2 0.54
savENRG PCM-HS24P M3 24 1820 185 2.26 0.5-1.09
PUR-PCM, BASF Polyurethanes GmbH M4 22 970 365 2 0.19
PlusICE PCM, S17 M5 17 1525 160 1.9 0.43
CoolZONE23, Armstrong M6 21-22 770 342 2 0.2
savENRG PCM-HS22P M7 23 1540 185 3.05 0.5-1.09
ThermalCORE 23 C/ 73 F, USA M8 22-24 770 342 2.2 0.2
Weber.murclima 23, St. Gobain-weber M9 22-24 950 170 2.32 0.38
RUBITHERM GmbH, PCM RT 25 HC M10 22-26 880 230 2 0.2
PlusICE PCM, PCM, A25H Mi1 25 810 226 2.15 0.18
PlusICE PCM, A22H M12 22 820 216 2.85 0.18
PlusICE PCM, A25 M13 25 785 150 2.26 0.18
PlusICE PCM, A24 M14 24 790 145 2.22 0.18
PCM-Akustikputz 23, SchreffGmbh& Co. M15 21-22 400 196 1.7 0.08
Table 2. FOMs results.
Compound (M) FOM1x10°p+L FOM2+10~°k/p*C,
RUBITHERM GmbH, PCM SP 24 E M1 285 0.2
PlusICE PCM, S23 M2 267.75 0.16042
savENRG PCM-HS24P M3 336.7 0.12161
PUR-PCM, BASF Polyurethanes GmbH M4 354.05 0.09793
PlusICE PCM, S17 M5 244 0.14840
CoolZONE23, Armstrong Mé6 263.34 0.12987013
savENRG PCM-HS22P M7 284.9 0.10631
ThermalCORE 23 C/ 73 F, USA M8 263.34 0.11806
Weber.murclima 23, St. Gobain-weber M9 161.5 0.17241
RUBITHERM GmbH, PCM RT 25 HC M10 202.4 0.11363
PlusICE PCM, PCM, A25H Mi11 183.06 0.10335
PlusICE PCM, A22H M12 177.12 0.07702
PlusICE PCM, A25 M13 117.75 0.101459
PlusICE PCM, A24 M14 114.55 0.10263428
PCM-Akustikputz 23, SchreffGmbhé& Co. M15 78.4 0.11764

These requirements are fulfilled by the candidates and the AHP method allows to
weight them; this process is developed in the research of Odu. G.O. [26]. Moreover, the
method requires a label for the criteria, which is displayed as follows:

Phase-change Temp = T1;
Density = T2;

Heat of fusion= T3;

Specific heat capacity = T4;
Thermal conductivity = T5;
FOM1 * 10%p * L = T6;
FOM2  10~%k/p * Cp =T7.

2.3. Method VIKOR

Following the method used by Shekhovtsov and Salabun [27], the VIKOR method
solves selection problems looking for a ranking where the alternative and criteria that
will be used is the solution closest to the ideal [28]. This method requires that the criteria
described before have the following considerations:

e T1 Higher = Better;
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T2 Lower = Better;
T3 Higher = Better;
T4 Higher = Better;
T5 Higher = Better;
T6 Higher = Better;
T7 Lower = Better.

With these in mind, the VIKOR method will be performed as the named previous research.
2.4. TOPSIS Method

The TOPSIS method takes and classifies a finite number of alternatives by similarity
to the ideal solutions, looking for the alternatives to have the shortest distance to the
ideal positive solution and the farthest from the negative [28]. The steps proposed by
Shekhovtsov and Salabun [27] are followed and the cost and profit criteria are the same
that were determined by the VIKOR method.

2.5. COPRAS-G Method

The ranking of the alternatives in the COPRAS method considers the utility degree of
the different options by using grey numbers that comes from the grey theory for insufficient
information [28]. This method is followed as in the research of Mousavi-nasab [29] and
Sotoudeh-anvai [30], where the beneficial and non-beneficial criteria are defined as follows:

T1 = Beneficial;
T2 = Non-Beneficial;
T3 = Beneficial;
T4 = Beneficial;
T5 = Beneficial;
T6 = Beneficial;
T7 = Non-Beneficial.

2.6. Spearman’s Correlation Coefficient

The different methods obtains different results; to measure the relation between these
non-linear results, Spearman’s correlation was used. In this sense, this technique quantifies
the strength between the variables; if there are no duplicated data, the perfect correlation is
+1 or —1. This was calculated following the research of Beltran and Martinez-Goémez [28].

2.7. Simulation

The simulation of the system takes into consideration the three solids that make up the
rooftop of the vehicle, which is made by steel bake hardening, YS260, and cold rolling. This
material is described as used for automotive applications, such as roofs, in the software
CES-Granta Edupack [31]. The next body represents a layer of material that corresponds to
the 20 mm PCM made of the selected material by the MCDM and finally air fills the space;
the proposed geometry is displayed in Figure 1. On the other hand, the simulation took
two events, the first when the roof is heating up and the PCM is storing energy and the
second where the roof is cooling down and the PCM releases the stored energy.

Steel Roof

Figure 1. The CAD model.
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2.8. Boundary Conditions

The simulation of the charging events comes with the parameters investigated by
Dadour et al., who found that the temperature of a parked vehicle’s black rooftop can start
at 12 °C and rise to 45 °C, provoking a charge event [32]. On the other hand, after reaching
this heating peak, a cooling process begins and the temperature reduces to 12 °C in 15 h.
Where a discharging event takes place, these events are the ones that will be simulated [32].
Moreover, a convection process with a coefficient for free gases is found in the range of
2% and 25% [33]; for this reason, a middle value of 1211171’\/K will be used to simulate this

phenomena. It is important to point out that the initial temperature of the air is the one
reached in the charging event; the boundary conditions of these simulations are displayed
in Tables 3 and 4 with the mesh data of the simulation.

Table 3. Boundary conditions for charge.

Element Parameter
Roof Initial Temperature 12°C
Roof Final Temperature 45 °C
Temperature Time Lapse 5h
PCM Initial Temperature 12°C
Internal Air Initial Temperature 12°C
Environmental Temperature 24°C
Convection coefficient 12 W/m?*K
Software Solidworks 2020
Mesher Blended curvature-based mesh
Mesh Quality High
Jacobian Points 4
Max element size 22 mm
Table 4. Boundary conditions for discharge.
Element Parameter
Roof Initial Temperature 45°C
Roof Final Temperature 12°C
Temperature Time Lapse 15h
PCM Initial Temperature 40°C
Internal Air Initial Temperature 37°C
Environmental Temperature 24 °C
Convection coefficient 12 W/m? *K
Software Solidworks 2020
Mesher Blended curvature-based mesh
Mesh Quality High
Jacobian Points 4
Max element size 22 mm

3. Results and Discussion
3.1. AHP Results

The different processes are shown in the following tables, where Table 5 presents the
pair-wise assessment, Table 6 displays the normalization of these and Table 7 exhibits the
weighted results of the AHP method, where specific heat capacity has a more significant
importance in this application since this property absorbs heat and releases it.
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Table 5. Comparison matrix of the criteria.

Phase- Densit Heat of Specific Heat Thermal
Criteria Change (« /m3})’ Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) 8 (K)/kg) (k)/kgK) (W/mK)
Phase-change Temp (°C) 1 3 3 0.33 0.33 0.33 0.33
Density (kg/m?) 0.33 1 0.2 0.20 0.33 0.33 0.33
Heat of fusion (k] /kg) 0.33 5 1 0.33 0.33 1 1
Specific heat capacity (kJ/kgK) 3 5 3 1 3 3 3
Thermal conductivity (W/mK) 3 3 3 0 1 1 3
FOM1 3 3 1 0 1.00 1 1
FOM2 3 3 1 0 0.33 1 1
Summatory 13.67 23 12.20 2.87 6.33 7.67 9.67
Table 6. Normalized matrix of the criteria.
. . Specific Heat Thermal
P%S;-ngge g(erl‘;g’)' Hea;ckolfllfu)swn Capacity Conductivity FOM1 FOM2
4 8 8 (kJ/kgK) (W/mK)
0.0732 0.1304 0.2459 0.12 0.0526 0.04 0.03
0.0244 0.0435 0.0164 0.07 0.0526 0.04 0.03
0.0244 0.2174 0.0820 0.12 0.0526 0.13 0.10
0.2195 0.2174 0.2459 0.3488 0.4737 0.39 0.31
0.2195 0.1304 0.2459 0.12 0.1579 0.13 0.31
0.2195 0.1304 0.0820 0.1163 0.1579 0.13 0.10
0.2195 0.1304 0.0820 0.1163 0.0526 0.13 0.10
Table 7. Weighted criteria.
Phase- Densit Heat of Specific Heat Thermal
Criteria Change (« /m3})7 Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) 5 (KJ/kg) (kJ/kgK) (W/mK)
Compound T1 T2 T3 T4 T5 T6 17
Weight 0.099 0.041 0.104 0.315 0.187 0.134 0.119

Furthermore, the proof that the method was performed correctly is displayed in
Table 8, in which the multiplication of the normalized matrix with the weighted matrix is
calculated, allowing to subsequently calculate the consistency index (CI), the random index
(RI) and consistency relationship (CR), displayed in Table 9. In this case, the consistency is
less than 10%, proving that the weights were assessed correctly [34].

Table 8. Matrix multiplication.

NxT Priority/Weight
T1 0.785 7.89
T2 0.305 7.49
T3 0.761 7.33
T4 2.451 7.77
T5 1.516 8.10
T6 1.070 797
T7 0.945 7.93
Summatory 7.78

144



Appl. Sci. 2021, 11, 6359

Table 9. Calculation of consistency.

Index Value
Cl 0.13
RI 1.32
CR 0.099

3.2. VIKOR Results

In previous research, the VIKOR method was found to be the best methodology for
selection of materials in automotive applications, since this delivers a compromise set of
solutions as the result [35]. In this sense, Table 10 shows the results of the calculations
for the VIKOR method where the normalization takes place, taking in consideration the

previous weights and the best and worst parameters.

Table 10. VIKOR calculations.

Phase- Densit Heat of Specific Heat Thermal
Compound Change ( /m3}), Fusion Capacity Conductivity FOM1 FOM2

Temp (°C) & (KJ/kg) (KJ/kgK) (W/mK)
M1 0.012 0.031 0.099 0.245 0 0.034 0.119
M2 0.025 0.032 0.101 0.199 0.022 0.042 0.081
M3 0.012 0.041 0.100 0.184 0.022 0.008 0.043
M4 0.037 0.016 0.070 0.245 0.148 0 0.020
M5 0.099 0.032 0.104 0.269 0.061 0.054 0.069
M6 0.050 0.011 0.074 0.245 0.144 0.044 0.051
M7 0.025 0.041 0.100 0 0.022 0.034 0.028
M8 0.037 0.011 0.074 0.199 0.144 0.044 0.040
M9 0.037 0.016 0.102 0.170 0.079 0.094 0.092
M10 0.037 0.014 0.092 0.245 0.144 0.074 0.035
Mi1 0 0.012 0.093 0.210 0.151 0.083 0.026
M12 0.037 0.012 0.095 0.047 0.151 0.086 0.000
M13 0 0.011 0.001 0.184 0.151 0.115 0.024
M14 0.012 0.011 0.000 0.194 0.151 0.117 0.025
M15 0.050 0 0.064 0.315 0.187 0.134 0.039

On the other hand, the ranking is displayed in Table 11, where savENRG PCM-HS22P
stands as the best, being an organic PCM that is used in the storage of great energy and

which has a low cost.

Table 11. VIKOR ranking.

Compound Si Ri Qi Ranking
M1 0.541 0.245 0.607 11
M2 0.502 0.199 0.463 6
M3 0.411 0.184 0.346 3
M4 0.537 0.245 0.603 10
M5 0.688 0.269 0.797 14
M6 0.619 0.245 0.679 12
M7 0.249 0.100 0 1
MsS 0.548 0.199 0.506 8
M9 0.591 0.170 0.480 7

M10 0.642 0.245 0.701 13
M11 0.575 0.210 0.557 9
M12 0.428 0.151 0.285 2
M13 0.486 0.184 0.416 4
M14 0.510 0.194 0.460 5
M15 0.790 0.315 1.000 15
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Furthermore, the verification of the method says that VIKOR performed well since
Q;—Qq =0.285 is bigger than DQ = 0.17, showing an acceptable advantage. Furthermore,
the results of S; and R; demonstrate that the best belongs to the winner M7, meaning that
there is an acceptable stability, fulfilling the two conditions that conclude that the method
has an acceptable compromised solution.

3.3. TOPSIS Results

The TOPSIS method, along with AHP, plays an important part to reduce a possible
selection of a wrong PCM, which was also studied in the thermal management of electron-
ics [36]. Moreover, the development of the normalized matrix, which takes the original
criteria and divides them by the square root of the quadratic summation of all the materials,
is shown in Table 12. In turn, the weighted matrix that multiplies the previous criteria by
the AHP weight is displayed in Table 13, followed by the beneficial and non-beneficial
solutions in Table 14. Lastly, the negative and positive ideal solutions with the closeness
index for the ranking result is calculated in Table 15. In these results, again savENRG
PCM-HS22P is the optimum material.

Table 12. TOPSIS normalized matrix.

Phase- Densit Heat of Specific Heat Thermal
Compound Change ( /m3})7 Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) 5 (KJ/kg) (k] /kgK) (W/mK)
M1 0.275 0.335 0.214 0.231 0.440 0.312 0.401
M2 0.263 0.341 0.197 0.254 0.396 0.293 0.322
M3 0.275 0.406 0.208 0.261 0.396 0.368 0.244
M4 0.252 0.216 0.411 0.231 0.139 0.387 0.197
M5 0.195 0.340 0.180 0.220 0.316 0.267 0.298
M6 0.240 0.172 0.385 0.231 0.147 0.288 0.261
M7 0.263 0.406 0.208 0.353 0.396 0.312 0.213
M8 0.252 0.172 0.385 0.254 0.147 0.288 0.237
M9 0.252 0.212 0.191 0.268 0.279 0.177 0.346
M10 0.252 0.196 0.259 0.231 0.147 0.221 0.228
Mi1 0.286 0.181 0.254 0.249 0.132 0.200 0.207
Mi12 0.252 0.183 0.243 0.330 0.132 0.194 0.155
M13 0.286 0.175 0.169 0.261 0.132 0.129 0.204
M14 0.275 0.176 0.163 0.257 0.132 0.125 0.206
M15 0.240 0.089 0.221 0.197 0.059 0.086 0.236
Table 13. TOPSIS weighted matrix.
Phase- Densit Heat of Specific Heat Thermal
Compound Change (« /m3}), Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) 5 (KJ/kg) (kJ/kgK) (W/mK)
M1 0.027 0.014 0.022 0.073 0.082 0.042 0.048
M2 0.026 0.014 0.020 0.080 0.074 0.039 0.038
M3 0.027 0.017 0.022 0.082 0.074 0.049 0.029
M4 0.025 0.009 0.043 0.073 0.026 0.052 0.023
M5 0.019 0.014 0.019 0.069 0.059 0.036 0.036
M6 0.024 0.007 0.040 0.073 0.027 0.039 0.031
M7 0.026 0.017 0.022 0.111 0.074 0.042 0.025
M8 0.025 0.007 0.040 0.080 0.027 0.039 0.028
M9 0.025 0.009 0.020 0.085 0.052 0.024 0.041
M10 0.025 0.008 0.027 0.073 0.027 0.030 0.027
Mil1 0.028 0.007 0.026 0.078 0.025 0.027 0.025
M12 0.025 0.007 0.025 0.104 0.025 0.026 0.018
M13 0.028 0.007 0.018 0.082 0.025 0.017 0.024
M14 0.027 0.007 0.017 0.081 0.025 0.017 0.025
M15 0.024 0.004 0.023 0.062 0.011 0.012 0.028
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Table 14. Max and min TOPSIS criteria value.

Phase- Densit Heat of Specific Heat Thermal
Values +/— Change (kg /m3})’ Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) (kJ/kg) (KJ/kgK) (W/mK)
V+ 0.028 0.004 0.043 0.111 0.082 0.052 0.018
V— 0.019 0.017 0.017 0.062 0.011 0.012 0.048
Table 15. TOPSIS Ranking.
Compound Si+ Si— Pi Ranking
M1 0.054 0.079 0.593 4
M2 0.047 0.073 0.608 3
M3 0.040 0.079 0.663 2
M4 0.069 0.058 0.457 8
M>5 0.060 0.056 0.482 5
Mé6 0.070 0.045 0.394 10
M7 0.029 0.089 0.755 1
M8 0.065 0.049 0.427 9
M9 0.059 0.050 0.458 7
M10 0.073 0.037 0.335 12
M11 0.073 0.039 0.345 11
M12 0.066 0.057 0.461 6
M13 0.078 0.037 0.322 13
M14 0.079 0.036 0.312 14
M15 0.098 0.025 0.201 15
3.4. COPRAS Method
The engineering fields have been benefiting from this method by enabling the decision
maker to determine the overall efficiency of the different options [37]. In this way, the
process of development is displayed in Table 16 with the normalized matrix that divides
each position by the summation of all of them for every criterion. Table 17 presents the
weighted matrix that is the result of the previous table by every weight of AHP, followed
by Table 18 that shows the summation of the beneficial and non-beneficial weights. Lastly,
the priority of positions with the level of performance and the COPRAS rank is presented
in Table 19, where the results show that the material M7 savENRG PCM-HS22P again is
established as the better material among the 15 candidates.
Table 16. COPRAS normalized table.
Phase- Densit Heat of Specific Heat Thermal
Compound Change ( /m3})7 Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) 5 (J/kg) (k] /kgK) (W/mK)
M1 0.071 0.093 0.058 0.060 0.130 0.085 0.107
M2 0.068 0.095 0.053 0.066 0.117 0.080 0.086
M3 0.071 0.113 0.056 0.068 0.117 0.101 0.065
M4 0.065 0.060 0.111 0.060 0.041 0.106 0.052
M5 0.050 0.094 0.049 0.057 0.093 0.073 0.079
M6 0.062 0.048 0.104 0.060 0.043 0.079 0.069
M7 0.068 0.113 0.056 0.092 0.117 0.085 0.057
M8 0.065 0.048 0.104 0.066 0.043 0.079 0.063
M9 0.065 0.059 0.052 0.070 0.082 0.048 0.092
M10 0.065 0.055 0.070 0.060 0.043 0.061 0.061
Mi11 0.074 0.050 0.069 0.065 0.039 0.055 0.055
Mi2 0.065 0.051 0.066 0.086 0.039 0.053 0.041
M13 0.074 0.049 0.046 0.068 0.039 0.035 0.054
M14 0.071 0.049 0.044 0.067 0.039 0.034 0.055
M15 0.062 0.025 0.060 0.051 0.017 0.024 0.063
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Table 17. COPRAS weighted matrix.

Phase- Densit Heat of Specific Heat Thermal
Compound Change (kg /m3})’ Fusion Capacity Conductivity FOM1 FOM2
Temp (°C) (KJ/kg) (KJ/kgK) (W/mK)
M1 0.0071 0.0038 0.0060 0.0190 0.0243 0.0115 0.0127
M2 0.0068 0.0039 0.0055 0.0209 0.0219 0.0108 0.0102
M3 0.0071 0.0046 0.0059 0.0215 0.0219 0.0136 0.0078
M4 0.0065 0.0024 0.0116 0.0190 0.0077 0.0143 0.0062
M5 0.0050 0.0038 0.0051 0.0181 0.0174 0.0098 0.0095
M6 0.0062 0.0019 0.0108 0.0190 0.0081 0.0106 0.0083
M7 0.0068 0.0046 0.0059 0.0290 0.0219 0.0115 0.0068
M8 0.0065 0.0019 0.0108 0.0209 0.0081 0.0106 0.0075
M9 0.0065 0.0024 0.0054 0.0221 0.0154 0.0065 0.0110
M10 0.0065 0.0022 0.0073 0.0190 0.0081 0.0082 0.0072
Mi1 0.0074 0.0020 0.0072 0.0205 0.0073 0.0074 0.0066
Mi12 0.0065 0.0021 0.0068 0.0271 0.0073 0.0071 0.0049
M13 0.0074 0.0020 0.0048 0.0215 0.0073 0.0047 0.0065
Mi14 0.0071 0.0020 0.0046 0.0211 0.0073 0.0046 0.0065
M15 0.0062 0.0010 0.0062 0.0162 0.0032 0.0032 0.0075
Table 18. COPRAS solutions.
Compound s+i s-—i
M1 0.068 0.017
M2 0.066 0.014
M3 0.070 0.012
M4 0.059 0.009
M5 0.055 0.013
M6 0.055 0.010
M7 0.075 0.011
M8 0.057 0.009
M9 0.056 0.013
M10 0.049 0.009
M11 0.050 0.009
M12 0.055 0.007
M13 0.046 0.008
M14 0.045 0.009
M15 0.035 0.009
Table 19. COPRAS ranking.
Compound Qi Ui Rank
M1 0.074 88% 3
M2 0.074 87% 4
M3 0.079 93% 2
M4 0.071 85% 5
M5 0.064 75% 10
M6 0.065 77% 8
M7 0.085 100% 1
M8 0.068 81% 7
M9 0.064 76% 9
M10 0.060 72% 12
Mi1 0.062 74% 11
Mi12 0.070 83% 6
M13 0.058 69% 13
M14 0.057 68% 14
M15 0.048 56% 15
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3.5. Spearman’s Correlation Results

Table 20 shows the results of the Spearman’s correlations where only the correlation
COPRAS-TOPSIS has a very good relation; thus, the rest of them does not have a good
relation although they indicate a positive correlation. However, it can be seen that the three
methods show consistency in their results regarding the best material, as studied before [27].

Table 20. Spearman’s correlation.

Correlation of 15 Materials Ranked

COPRAS TOPSIS VIKOR
COPRAS - 0.914 0.439
TOPSIS - - 0.407

Moreover, even though the correlation shows that it is not perfect, it agrees with the
fact that the material savENRG PCM-HS22P was chosen as the best, and since it is the one
that will be simulated, Table 21 displays its properties.

Table 21. Selected material for simulation.

Compound Phase-Change Density Heat of Fusion Specific Heat Thermal
P Temp (°C) (kg/m?3) kJ/kg) Capacity (kJ/kgK) Conductivity (W/mK)
savENRG PCM-HS22P 23 1540 185 3.05 0.54

Comparing the selection results with what Rastogi et al. had done, there is a difference
where they prioritized the Figures of Merit since air conditioning systems require that the
extraction of heat be primordial [25]. On the other hand, this application demands heat
storage and release. Moreover, in the research of Socaciu et al., the best materials come from
the same family as our best (SavEnrg PCM-Hs22P), also in thermal comfort applications in
the automotive industry [38], corroborating that our selection is optimum.

3.6. Simulation Results

By reducing the difference in temperature between the internal air and body heat,
the thermal comfort of the user can be controlled [39]. In this sense, the simulation with a
raising temperature in the roof showed that without PCMs there is not much difference
in the internal air, resulting in a high temperature in the cabin, as shown in Figure 2a.
However, by using a 20 mm layer of the selected PCM, the temperature did not rise
as much, and presented a decrease of near 9 °C, which is a congruent result compared
with previous research that managed almost the same temperature degree with other
PCMs [40-42]. This difference is showed in Figure 2b.

The discharging event, on the other hand, showed that while the temperature of the
rooftop dropped to 12 °C, the internal air stood 4 °C warmer, meaning that the PCM
maintain the internal comfort by releasing its stored energy into the cabin; this result is
displayed in Figure 3.

Other researchers proved that the utilization of PCMs delayed the heat flux, making
them more effective for isolation since the wall loses less energy, which helps to maintain a
better temperature [9,43].
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4. Conclusions

Starting with a list of 15 PCMs, savENRG PCM-HS22P was selected as the best by
the utilization of the AHP, VIKOR, COPRAS and TOPSIS multicriteria methods. Further-
more, a Spearman’s correlation showed that the methods are consistent, and the selection
is optimum.
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The simulation showed that the material savENRG PCM-HS22P improves the thermal
comfort in the cabin by reducing the internal temperature of the air by 9 °C in the charging
event, and in the discharging simulation it was also showed that the PCM allows to
maintain a better temperature inside the cabin by making a differentiation of 4 °C warmer,
both with a 20 mm layer of the selected PCM.

It is demonstrated that the use of a PCM layer of 20 mm can improve the thermal
comfort in the vehicle, reducing the need to use the heater or the air conditioner.
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Abstract: The management of energy consumption in the building sector is of crucial concern for
modern societies. Fossil fuels’” reduced availability, along with the environmental implications
they cause, emphasize the necessity for the development of new technologies using renewable
energy resources. Taking into account the growing resource shortages, as well as the ongoing
deterioration of the environment, the building energy performance improvement using phase change
materials (PCMs) is considered as a solution that could balance the energy supply together with the
corresponding demand. Thermal energy storage systems with PCMs have been investigated for
several building applications as they constitute a promising and sustainable method for reduction of
fuel and electrical energy consumption, while maintaining a comfortable environment in the building
envelope. These compounds can be incorporated into building construction materials and provide
passive thermal sufficiency, or they can be used in heating, ventilation, and air conditioning systems,
domestic hot water applications, etc. This study presents the principles of latent heat thermal energy
storage systems with PCMs. Furthermore, the materials that can be used as PCMs, together with
the most effective methods for improving their thermal performance, as well as various passive
applications in the building sector, are also highlighted. Finally, special attention is given to the
encapsulated PCMs that are composed of the core material, which is the PCM, and the shell material,
which can be inorganic or organic, and their utilization inside constructional materials.

Keywords: phase change materials; thermal energy storage; energy efficiency; building applications;
construction materials

1. Introduction

The contemporary societies have enhanced energy needs, leading to an increasingly
intensive research for the development of energy storage technologies. Global energy
consumption, along with CO; and greenhouse gasses emissions, is accelerating at a very
fast pace due to global population growth, rapid global economic growth, and the ever-
increasing human dependence on energy-consuming appliances. This rapid increase in
global energy consumption has particular environmental implications that pose serious
challenges to human health and the environment. Another consequence of the increment
of global energy consumption is the reduction in the availability of traditional energy
resources, such as oil, coal, and natural gas. This outcome has created a growing need for
the development of new systems for the conversion and storage of clean and sustainable
energy [1,2].

The building sector has a very large impact on the overall global energy consumption,
and, furthermore, to the environment, by high emissions of greenhouse gasses, CO,, and
the acidification of the oceans. The increased energy consumption does not occur only
during the production of structural materials and the building construction, but mostly for
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the operation of the premises [3]. It has been proven that buildings’ operation energy con-
sumption for providing indoor comfort accounts for 30% of total energy consumption [4].
Thermal energy storage (TES) is a promising and sustainable method for decreasing the
energy consumptions in the building sector. Systems of TES using phase change mate-
rials (PCMs) find numerous applications for providing and maintaining a comfortable
environment of the building envelope, without consumption of electrical energy or fuel [5].

Phase change materials are substances that are able to absorb and store large amounts
of thermal energy. The mechanism of PCMs for energy storage relies on the increased
energy need of some materials to undergo phase transition. They are able to absorb sensible
heat as their temperature rise, and, at the phase change temperature, absorb a large amount
of heat, which is called latent heat of fusion, in order to change phase. The energy stays
stored in the PCM until the temperature decreases and the material undergoes phase
transition again, which also signifies the energy release [1].

The materials used as PCMs can be classified based on the type of phase change to
solid-liquid, liquid-gas, and solid-solid compounds. The latent heat in solid-solid PCMs,
such as polyurethanes, cross-linked polyethylene, and other polymers, is relatively low
compared to the latent heat of those that are in the solid-liquid form [6]. As an outcome,
the PCMs used for building applications are mostly solid-liquid type. These can be organic,
such as paraffin, fatty acids, etc., inorganic, such as hydrate salts and metals, or their
eutectic mixtures. Organic PCMs are the best candidates for multiple building applications,
though their low thermal conductivity requires the fabrication of composite materials
with enhanced thermal conductivity. The most investigated approach is the encapsulation
of PCMs with thermal conductive materials. The encapsulation method presents many
advantages, such as the leakage of liquid phase management and the protection of the
PCM from corrosion. Another approach is the formation of form-stable composite PCMs,
which consist of the PCM dispersed inside a cross-linked polymer matrix, a porous mineral
material or expanded graphite or perlite [3,5].

There has been a lot of research for the utilization of these materials in active and
passive building applications for the reduction of electrical energy and fuel consumption.
Phase change materials are used in active applications for heating, ventilation, and air
conditioning systems, domestic hot water applications, suspended ceilings, external solar
facades, etc. [4]. Furthermore, PCMs are used in passive applications in buildings that aim
for the improvement of the thermal performance of the construction systems such as the
ceiling, the walls, and the floor. These applications include the incorporation of the PCMs
inside constructional materials [7].

2. Thermal Energy Storage (TES)

Energy storage systems aim for the conversion of energy into a form that can be stored
in order to be used when there is necessity. Thermal energy storage system is a type of a
sustainable energy storage system that is based on the utilization of materials that can store
thermal energy when increasing their temperature and release it when the temperature
is reduced. There are three types of TES systems: sensible heat, latent heat, and chemical
storage system (Figure 1). The present work presents latent heat storage systems using
PCMs [8,9].

2.1. Sensible Heat Storage (SHS)

In TES systems, thermal energy can be stored either as sensible heat or as latent heat
(Figure 2). In case of sensible heat storage (SHS) systems, storing of energy is induced
by utilization of the heat capacity gained by temperature increment of the material. The
energy storage capacity of SHS systems depends on the specific heat capacity of the
material, the quantity of the material and the temperature change gradient. Radiation,
convection, or conduction are the parameters that affect and can raise the corresponding
temperature [9,10].
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The materials used for SHS are either in the liquid phase or the solid phase. The
utilized liquid phase materials are water, molten salts, and oils. Water as an SHS material
is very efficient for applications in temperatures below 100 °C, due to its high specific heat
capacity, abundance, and low cost. Molten salts also have desired properties, and they
are suitable for application above 100 °C. On the other hand, oils have low specific heat
capacity and thermal conductivity, thus their performance is limited. Solid-phase materials
used for SHS can be metals or nonmetals. Metals such as aluminum, copper, iron, and
metal alloys have high thermal conductivity and specific heat capacity, though their high
cost limits their application. Nonmetallic materials that can be used for SHS are rocks,
concrete, marbles, bricks, granite, etc., but the disadvantage of all of these materials lies in
their low thermal conductivity and specific heat capacity [6,8].

2.2. Latent Heat Storage

Latent heat storage (LHS) systems are based on the absorption or release of heat
that takes place during the phase transition of a material (gas to liquid, liquid to solid,
and vice versa). The amount of energy being stored depends on the mass of the material
used and the latent heat of fusion, which is characteristic for every material, and it is
related to its molecular structure. The materials used for LHS are also PCMs due to the
fact that they store energy through phase transition. The energy storage consists of both
sensible and latent heat, as presented in Figure 2. The increase of temperature to the
phase change temperature results in the absorption of sensible heat from the PCM. At
phase change temperature, the PCM absorbs latent heat at a molecular level for the phase
transition. This amount of heat is called latent heat of fusion or evaporation, depending on
the kind of phase change. The systems of LHS that use PCMs are considered as a promising
thermal storage technology and they have been investigated in a large range for many
applications [6,8,9].

2.3. Thermal Energy Storage in Buildings

There is urgent necessity for the development of new technologies for energy conser-
vation in the building sector. The application of TES systems is a promising technology
with many advantages, including the increasing of energy and economic efficiency in
buildings, as well as the reduction of electrical energy consumption and, furthermore, the
reduction of environmental pollution and CO, emissions [11].

The systems of TES that are applied in buildings can be either active or passive.
Active TES systems are characterized by forced convection heat transfer and, in some
cases, also mass transfer, such as a heat exchanger. Active systems mainly aim to control
the indoor conditions of a building, for example providing free cooling. Additionally, an
active TES system can be applied for peak shaving purposes in heating, ventilation, and air
conditioning systems [7].

On the other hand, passive TES systems aim to create or maintain comfort conditions
in the building, exploiting naturally available energy sources such as the solar energy or
the wind, along with architectural design of building components, such as shading effect
using blinds, etc. Passive TES systems minimize the use of mechanically-assisted heating
or cooling systems. The main idea is to maximize the comfort conditions of the building
envelope without using external energy sources. Some examples of passive TES systems
are the use of ventilation facades and the PCM wallboards [12,13].

3. Phase Change Materials
3.1. Classification of PCMs

There is a wide variety of compounds that are used as phase change materials for
numerous different applications due to their different physical and chemical properties.
For building applications, solid-liquid PCMs are preferred because of their ability to absorb
and release large amounts of energy within a narrow range of temperature. Solid-liquid
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PCMs used in buildings can be classified into three major groups: organic compounds,
inorganic compounds, and eutectics of organic and/or inorganic compounds.

3.1.1. Organic Materials

Organic PCMs can be paraffinic, such as paraffin wax, which is the most commercially
used organic PCM for building applications, or they can be nonparaffinic, such as fatty
acids, fatty acid esters, glycolic acids, alcohols, etc. Paraffinic PCMs consist of hydrocarbon
chains, while nonparaffinic also contain electronegative atoms in their chains [8,9]. Paraffin
waxes consist of hydrocarbon chains ranging from 8 to 15 carbon atoms, and pure paraffin
of hydrocarbon chains range from 14 to 40 carbon atoms. Thermal properties of some
paraffin waxes and pure paraffins are presented in Table 1.

Table 1. Thermal properties of some paraffins.

. . Thermal .
Material Chemicalformula Melting o Melting Conductivity Den31§y Ref
Temperature (°C) Enthalpy (J/g) W/m.K)) (kg/m?>)
n-Tetradecane C14H30 5.5 228 - - [8]
n-Pentadecane Ci5Hso 10 205 - - [8]
. 760.0 (liquid,
n-Hexadecane Ci16Hzs 18.0 210.0-238.0 0.2 (solid) 20.0 °C) [10]
n-Heptadecane C17Hz6 19.0 240.0 02 77%) O(li‘gld’ [10]
774.0 (liquid,
) . 0.15 (liquid, 40.0 °C) 70.0 °C)
n-Octadecane CigHsg 28.0 200.0-245.0 0.36 (solid, 25.0 °C) 814.0 (solid, [10]
20.0 °C)
750.0 (liquid)
28.0 179 0.2 870.0 (solid) [4]
0.18 (liquid, 60.0 °C)
n-Nonadecane Ci9Hyg 32.0-33.0 222.0 0.26 (solid, 19.0 °C) 780.0 [10]
n- Eicosane CaoHa 36.0-37.0 247 %1452 ((légﬁig) - [10]
n-Heneicosane Cr1Hyy 39.041.0 201.0 - - [10]
n-Docosane CprHyg 44.0 249 - - [8]
n-Tricosane Co3Hyg 475 232 - - [8]
n-Tetracosane Cp4Hsg 50.6 255 - - [8]

Nonparaffinic PCMs can be fabricated from biosourced raw materials, such as animal
fats, and vegetable oils, such as beef tallow, margarine, coconut oil, castor oil, etc. These
materials are sustainable, biodegradable, nontoxic, and less flammable. On the other
hand, their major drawbacks are that they are more corrosive than paraffin and more
expensive [14,15]. Some nonparaffinic PCMs are presented in Table 2.

157



Appl. Sci. 2021, 11, 1490

Table 2. Thermal properties of nonparaffins.

Melting Melting

Material Temperature (°C) Enthalpy (J/g) Ref
Fatty acids Capric Acid 30.2 142.7 [4]
Capric Acid 32 152.7 [5]
Lauric acid 43.05 172.3 [5]
Myristic acid 51.80 178.14 [13]
Palmitic acid 60.42 233.24 [13]
Stearic acid 54.29 188.28 [5]
Fatty acids esters Butyl stearate 19 140 [16]
Propyl palmitate 19 186 [17]
Methyl palmitate 29 205 [8]
Methyl eicosanate 45 230 [8]
Methyl behenate 52 234 [8]
Alcohols 1-dodecanol 26 200 [17]
Phenol 41 120 [8]
Cetyl alcohol 49.3 141 [8]
Polyethylene
glycol (PEG) PEG 400 32 914 [13]
PEG 600 22.2 108.4 [13]
PEGS800 25.39 133.6 [5]
PEG 1000 34.89 143.62 [13]
PEG 2000 52.63 180.70 [13]
PEG 4000 48.95 183.10 [13]

Organic PCMs exhibit a great number of advantages. First of all, the phase change
temperature rises in proportion to the number of carbon atoms in the chain, providing
availability in a broad range of temperatures for different applications. Another advantage
of this type of PCMs is that they are noncorrosive, chemically inert, and thermally stable in
the temperature range needed, therefore, no degradation problems occur during their use.
Additionally, they demonstrate a congruent melting process which means that the phase
change happens repeatedly without phase segregation. Furthermore, they have high latent
heat, good nucleation properties, low liquid phase sub-cooling capability, and minimal
volume variation. Finally, they are compatible with most of the construction materials,
they can be recycled, and their cost is relatively low. On the other hand, organic PCMs also
exhibit some disadvantages based on their low energy storage capacity, low density, low
thermal conductivity, and high flammability [8,9,14,15].

3.1.2. Inorganic Materials

There are two kinds of inorganic compounds that can be used as PCMs: hydrated
salts and metals. Hydrated salts have been immensely studied for their use as PCMs. Their
general formula is AB-nH,0O, and the phase change is in fact the dehydration reaction of
the hydrated salt. Regarding metal category, they include low melting metals (eutectics)
but these materials have not yet been seriously studied as PCMs [8]. The greatest properties
of inorganic PCMs are the high thermal conductivity and the high energy efficiency (high
enthalpy). In addition, other advantages are the low volume change during phase transition
and that they are inflammable [14].

The main drawback of inorganic PCMs is the incongruent melting which leads to phase
segregation and, furthermore, to decreased performance after every charge-discharge circle.
Another disadvantage is the poor nucleating properties that resulting in supercooling of
the liquid phase before crystallization. Additionally, inorganic PCMs are widely corrosive,
in some cases toxic, show limited compatibility with construction materials, and they are
rather expensive [14,15]. The advantages and disadvantages for both organic and inorganic
PCMs are summarized in Table 3.
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Table 3. Advantages and disadvantages of organic and inorganic phase change materials (PCMs).

Advantages Disadvantages

Wide phase change temperature range.
Thermally stable—no degradation.
Chemically inert.

Noncorrosive.

Congruent melting process—no phase

segregation. ..
Organic High latent heat. Egv‘/\\; fj};erfsnital conductivity.
PCMs Good nucleation properties. Y

Low liquid phase sub-cooling capability. High flammability.

Minimal volume variation.
Compatible with most of the construction

materials.
Recyclable.
Low cost.
Incongruent melting—phase
segregation.
High thermal conductivity. Poor nucleating.
. High energy efficiency (high enthalpy). Supercooling of the liquid phase.
Inorganic . .
Low volume change during phase Corrosiveness.
PCMs .. ..
transition. T0x1c1ty.
Non-flammable. Limited compatibility with
construction materials.
Higher cost.

3.1.3. Eutectic Mixtures

The eutectic accrues from the mixture of two or more compounds of organic, inor-
ganic, or both PCMs. In this way, an immeasurable number of eutectic mixtures can be
fabricated. This gives the opportunity to produce a material with the desiring thermal
properties, such as phase change temperature and latent heat. So, the most important
advantage of eutectic mixtures is the ability of producing a material with the suitable phase
change temperature for an application. The organic eutectic mixtures show some extra
advantages in comparison with inorganic or inorganic/organic mixtures. These are the
long-term stability, high phase change enthalpy, and facility of impregnating into porous
support material due to their high chemical compatibility and surface tension. The main
disadvantage is their high cost [14,18]. Thermal properties of some hydrated salts and
eutectic mixtures are presented in Table 4.
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Table 4. Thermal properties of inorganic materials and eutectic mixtures used as PCMs.

Inorganic Melting Melting Eutectic Melting Melting
Material Temperature Enthalpy Ref Mixtures Temperature Enthalpy (J/g) Ref
°Q) (J/g) O
Capric
CaCl,-12H,0 29.8 174 [8] Acid-Palmitic 26.2 177 [4]
Acid
Capric
LiNO;3- H,O 30.0 296 [8] Acid-Myristic 21.7 155 [4]
Acid
Capric
LiNO3-3H,0 30 189 [8] Acid-Stearic 247 179 [4]
Acid
LiNO3-3H,0 30 296 18 g dEZEEE Adq 1927203 144-150 [4]
Capric
KF-4H,0 18.5 231 (131 \ id-Lauric Acid 19.09 1415 [5]
Butyl stearate-
CaCl,-H,0 29 190.8 [13] palmitate 17-20 137.8 [4]
Palmitic
NazSO;- 32 251 [13] Acid-Stearic 32.1 151.6 [5]
10H,0O i
Capric
Mn(NOs),-6H,O 25.8 125.9 [13] ‘Xé?dpsatler;‘;ic 19.93 129.4 [4]
Acid
Lauric
Mn(NOj3),-6H,0 255 148 [17] Acid-Myristic 29.29 140.9 [5]
Acid-Stearic acid
KoHPO,-4H,0 185 231 [17] CZ%%‘;Q?SI' - 27 126.9 [4]
. Ca(NO3)-4H,0-
FeBr;-6H,0 21 105 [17] Mg(NO5)3-6H,0 30 136 [17]
. CH3COONa-3H,0
LiNO3-2H,0 30 296 [17] + NH,CONH, 30 200.5 [17]
. CaCl, + NaCl
LiBO,-8H,0 25.7 289 [17] AKCL+H,0 26-28 188 [17]
CaCl,-6H,0O 29 191 [17] NazSO4 - 10H,0- 32.52 226.9 [5]

Na2 HPO4 . 12H20

3.2. PCM Properties

For a material to be used as PCM, there are some thermal, physical, chemical, and
kinetic properties that have to be satisfied. In addition, the final decision for a PCM to be
manufactured for thermal storage also takes into account the environmental impact and
the economics. Regarding the thermal properties, firstly, the phase transition temperature
has to be in the desired operating temperature range in order to aver that the absorbing and
releasing of heat happens in the desired range for the application temperature. Another
very important characteristic for PCMs is high thermal conductivity of both liquid and
solid phases, which is required in order to support the absorbing and releasing process of
thermal energy. The latent heat of fusion per unit volume also has to be high, so that the
storage density is higher and sensible storage can be achieved. In addition, high specific
heat offers extra sensible heat storage. Finally, and also very important, is for the melting
to happen congruently, in order for the phase change to be reproducible with stable cycling
and long life [11,14,19].

On the physical properties needed, an important requirement is the minimum volume
change during phase transition as well as small vapor pressure at the temperature of
operation. Also, it is desired that the material has high density [14,19]. The kinetics of
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the charging/discharging cycle are also considerable because the insufficient nucleation
rate leads to supercooling of the liquid phase, which is undesirable because the melting
and solidification process take place in different temperatures. Therefore, high nucleation
as well as enhanced crystal growth are required [8,14]. Apart from that, several chemical
properties have to be satisfied by a PCM. Firstly, the freezing and melting cycle has to be
completely reversible and the material should not degrade after a big number of cycles.
Additionally, the material has to be noncorrosive to the environment used [11,14]. Finally,
the materials used as PCMs have to be nontoxic, inflammable, and nonexplosive, both
for safety and environmental reasons. From an economical point of view, they have to be
available and abundant in nature, and cost-effective [19].

4. Improvement of Thermal Performance
4.1. Encapsulation

The practical use of solid-liquid PCMs impedes, due to some deterrents, characteristics,
such as leakage of the liquid phase. To overcome these problems, new types of PCMs forms
have been investigated, such as form-stable (or shape-stabilized) PCMs and encapsulated
PCMs [20]. Encapsulation methods are used in order to overcome the leakage problems by
keeping the material suitably contained inside a coating, a shell, or a matrix (form-stable
PCMs). Encapsulation of PCMs can bring great improvement in enhancing the stability
and heat transfer efficiency of the PCM, as well as facilitating its utilization, storage,
and transportation.

The obstruction of material interaction with the environment not only prevents the
leaking of the material, but also protects it from interacting with the environment, which
could provoke degradation or corrosion during the melting-freezing cycles [2,21]. Fur-
thermore, encapsulation increases the surface area of the PCM, which enhances the heat
transfer efficiency. Moreover, the capsule form gives the capability of controlling the vol-
ume changes during melting, as well as the possibility of increasing thermal conductivity by
inserting additives such as nanoparticles or C-based materials. Another great capability of
manufacturing composite PCMs is that they can be applied directly in applications without
any extra devices. For example, the fabrication of a PCM can be in forms such as powders
or pastes, and they can be used directly as additives in constructional materials [21,22].

The encapsulated PCMs are composed of the core material, which is the PCM, and the
shell material, which can be inorganic or organic. Their shape can be spherical, tubular,
oval, or irregular, depending on the materials and the fabrication process. Additionally,
a core-shell composite can have single or several cores within the capsule and multiple
shells. A classification of encapsulated PCMs is related to their size. The PCMs can be
characterized as macroencapsulated when their size is bigger than 1000 um, microen-
capsulated when their size is between 1 and 1000 um, and, finally, nanoencapsulated
when their size is less than 1 pum [21]. The most interesting encapsulated PCMs to in-
vestigate are microencapsulated and nanoencapsulated PCMs because of the higher sur-
face area per volume unit, which seems to facilitate thermal transfer and lead to better
thermal performance. Another reason is that small particle sizes are more durable to
mechanical stress [22].

4.1.1. Microencapsulation

Microencapsulated PCMs emerge from a coating process of the pure PCM. Droplets
or individual particles of the PCM are coated with another material to form capsules of
1-1000 um size. The core material can be any solid-liquid PCM, and the shell (container) ma-
terial can be an inorganic or a polymer material. The most studied inorganic shells are SiO,
and TiO; [23], while the organic shells used are poly(methyl methacrylate) (PMMA) [24],
polystyrene [25], melamine-formaldehyde [26], and other, more complicated, structures [27].
There are numerous microencapsulation methods that can be used (Figure 3). The selection
of the suitable microencapsulation method depends on the physical and chemical proper-
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ties of both core and shell materials [22] and on the chemical environment for which they
are intended to be used, for example in building [28].

Encapsulation Methods

Physical Chemical

Physical Methods Chemical Methods
Methods

Emulsion/Mini : Sol-Gel
e Intertacial Condensation ol-Ge

Holymerization polymerization polymerization Method

Complex

Inisitu Suspension k
Coaservasion

polymerization polymerization

Figure 3. Physical, chemical, and physicochemical methods of encapsulation.

4.1.2. Methods of Microencapsulation

In physical methods, the material that creates the shell does not take part in any
chemical reactions. The shell is mechanically applied on the core material by physical
processes such as binding due to adhesion, drying, etc. There are a lot of physical methods,
such as spray drying, vibrational nozzle, centrifugal extrusion, solvent evaporation, etc.,
although the method that is most used for microencapsulating PCMs is spray drying. The
equipment and knowledge in this method is widely available. Additionally, the method can
be easily scaled up, with average microcapsule size around some micrometers and efficient
thermal performance; although, the high operating temperature, the agglomeration of
microcapsules in the drying chamber, and the remaining uncoated particles are some its
disadvantages [22,29].

In physicochemical synthesis methods, the capsule emerges through a physicochemi-
cal process. A physicochemical process is a combination of physical and chemical methods.
The physical methods include processes such as cooling, heating, phase separation, etc.,
while the chemical methods include chemical processes such as condensation, hydroly-
sis, cross-linking, etc. Those methods combined result in microencapsulation. The most
widely-used physicochemical methods are complex coacervation and sol-gel technique.

The complex coacervation method is suitable for fabrication of microcapsules with
shell of organic materials such as chitosan, gum Arabic, gelatin, etc. This method is based
on phase separation. The shell polymer is dissolved in an emulsion with the PCM (core
material). The shell is formed around the droplet of the core material by evaporation of the
solvent. In another way, the formation of the microcapsule can be managed by electrostatic
coalescing of two different organic polymers around the droplet, and then decreasing the
temperature and pH of the emulsion to initiate phase separation [30]. On the other hand,
the sol-gel technique is used for the fabrication of inorganic shell microcapsules, such as
5i0,, TiO,, etc. The sol-gel technique includes a sol solution, which is a solution of the
hydrolyzed precursor compound, and an emulsion of the PCM. When the sol is added
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to the emulsion, the synthesis of the shell is happening on the PCMs droplet’s surface,
producing a gel of the microcapsules [31].

Finally, in chemical methods, the shell results from polymerization on the surface of
a droplet or a particle of the core material. The most important methods are emulsion
polymerization, suspension polymerization, interfacial polymerization, condensation poly-
merization, and in situ polymerization [22,31]. Suspension and emulsion polymerizations
are widely used for PMMA and polystyrene shells, while the interfacial polymerization is
preferred when the final shell consists of two or more monomers. In in situ polymerization,
no monomers are used. The precursor compound hydrolyses in situ, and it initiates the
polymerization. It is used for the synthesis of organic shell materials such as polyurea-
formaldehyde and melamine-formaldehyde. Finally, condensation polymerization can
also be used for inorganic shells, such as SiO;, and it is usually part of other synthesis
techniques, such as sol-gel [32].

4.1.3. Nanoencapsulation

Recent developments in nanotechnology, and specifically in synthesis methods of
nanoparticles, allow the encapsulation of PCMs on nanoscale. Systems on nanoscale have
essentially different physical and chemical properties to their counterparts on macroscale.
The size effects of nanoscale provide outstanding properties to nanoencapsulated PCMs,
which can make improvements to the efficiency of existing applications as well as meeting
the requirements for new ones. For example, nanoencapsulation is proved to dramatically
reduce the supercooling effect. Furthermore, the nanoencapsulated PCMs, due to their
size, are able to form stable dispersions in fluids, known as nanofluids, without rapidly
increasing their viscosity, which opens the path for new applications. In addition, nanoen-
capsulated PCMs have proven to be more durable to mechanical stress than larger capsules,
which in some applications is very important [22,32].

The nanocapsule diameter is expected to be less than 1 um, while in microencapsu-
lated PCMs it is most typically 5 to 400 pm. As a result, not all the fabrication methods
of microencapsulation that are presented in the previous section can be adopted for PCM
capsules on nanoscale. The methods that are suitable for producing nanocapsules are
mainly chemical. Specifically, the efficient synthesis techniques are emulsion polymeriza-
tion, miniemulsion polymerization, interfacial polymerization, in situ polymerization, and
sol-gel technique [22,32].

4.2. Form-stable PCMs

Solid-liquid PCMs, as known, present some disadvantages related to the liquid phase,
such as leakage, volume change, supercooling, etc. To overcome these obstacles, composite
PCMs are being investigated. A modification approach for pure PCMs, in order to enhance
their performance and stability, is the fabrication of form-stable PCMs. Form-stable, or
shape-stabilized, PCMs consist of a 3D matrix, or a porous structure, where the pure
PCMs are entrapped. The matrix or porous structure can be in macro, micro, or nano
scale [2,33]. The advantages of this technology are the limitation of liquid phase leakage,
the enhancement of the thermal conductivity, the controlling of volume change during
melting /freezing cycles, the reducing of PCM interaction with the environment, the avoid-
ance of additional device requirement, and the ability of manufacturing the thermal energy
system in the desired forms and dimensions for easy application. The materials used as
substrates can be polymers or inorganic porous minerals [5,34].

4.2.1. Polymer Form-stable PCMs

In polymer-based form-stable PCM composites, the PCM is entrapped inside a cross-
linked polymer matrix. The synthesis of the polymer matrix can be achieved with many
different methods, providing structural diversity and, as a result, the ability of fabricating
a product with special specifications, properly designed for each application. Additionally,
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polymeric cross-linked materials, as substrates, have shown great encapsulation rate results,
which is a very important property [5].

There is a wide variety of the polymeric materials that can be used for this pur-
pose. Materials that have been commonly used are polyethylene [35], polypropylene [36],
polyurethane [37], poly methyl methacrylate [38], poly vinyl chloride [39], styrene-butadiene-
styrene triblock copolymer [40], etc. Nevertheless, due to environmental concerns, there is
great necessity for reducing the utilization of nonrenewable petroleum-based polymers.
This has led to research for raw materials that can be received from natural sources, such as
biomass, and they are renewable, biodegradable, environmentally friendly, of high abun-
dance, and low cost. Such materials are celluloses, starches, and vegetable oils. Specifically,
cellulose, agarose, chitosan [41], castor oil [42], etc. have been used for the fabrication of
form-stable PCMs.

4.2.2. Inorganic Form-stable PCMs

Form-stable PCMs can also be fabricated with inorganic mineral porous materials
such as kaolin, diatomite, vermiculite, sepiolite, bentonite, attapulgite, fly ash, opal, etc.,
as well as with expanded materials such as expanded graphite and expanded perlite. The
porous structure of these materials makes them suitable for their utilization as carries for
the encapsulation of the PCM. The fabrication of inorganic porous form-stable PCMs can
be performed with impregnation method, melting intercalation technology, and melting
adsorption method [43].

There is chemical compatibility between PCMs and the porous materials. The interac-
tions developing between them are mainly surface tension, hydrogen bond, Van der Waals,
etc. Due to these interactions, the form-stable composites show increased thermal stability
and reliability. The absorbance rate, which is connected with latent heat capacity, is high
in the case of expanded graphite, diatomite, and expanded perlite carriers. Thermal con-
ductivity is vital for the energy storage and release efficiency. In mineral porous materials,
thermal conductivity is relatively low but it can be easily enhanced with the addition of
expanded graphite as an additive [43,44].

4.3. Thermal Conductivity Enhancement Techniques

Thermal conductivity in a thermal energy storage system is a very important factor
for the efficiency of energy storing and releasing. PCMs’, especially organics’, main
disadvantage is their low thermal conductivity. Low thermal conductivity decreases the
heat transfer rate which means that the stored energy cannot be used efficiently, putting
limitations on plenty of applications. As a result, the enhancement of thermal conductivity
of PCMs is tremendously important for the amplification of system’s performance [45].
The research that has been held for the improvement of thermal conductivity is mainly
based on the improvement that encapsulation offers [10,46,47], the addition of highly-
thermal conductive materials, such as carbon-based nanomaterials [48,49], metallic [50],
or inorganic nanoparticles [51], and in the fabrication of form-stable PCMs with highly-
thermal conductive carrier materials such as metallic foams [52], expanded graphite [53],
etc. Another approach is the fabrication of nanofluid PCMs, which are dispersions of
thermal conductive nanoparticles, for example, TiO,, in the PCM liquid [54] (Table 5).
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4.3.1. Enhancement of Thermal Conductivity by Encapsulation

According to the literature, organic PCMs have low thermal conductivity, which
does not allow their efficient use in several applications. The preparation of core-shell
or form-stable composite organic PCMs increases the thermal conductivity, as well as
the heat transfer rate, due to increment of the surface area. A very important factor for
the improvement of thermal conductivity is the size of the microcapsules. The extreme
reduction of capsule size increases the thermal resistance because of the high contact rate
of the capsules [47]. Another notable factor is the shell-to-core ratio. A higher shell-to-core
ratio causes more increment on thermal conductivity but reduces the rate of energy storage
because of the smaller amount of PCM inside the capsule [46]. The optimum shell-to-
core ratio considering thermal conductivity, thermal storage, and mechanical strength is
around 1:3 [64].

Inorganic shells, such as SiO, and CaCOj3, present better improvement on thermal
conductivity than organic shells, such as PMMA, though they have decreased mechanical
properties. For that reason, there has been investigation for fabricating core-shell PCMs
with double shell: polymer shell for mechanical strength and inorganic for thermal conduc-
tivity enhancement [46]. Additionally, another point of view is the forming of a metallic
second shell, which can improve thermal conductivity along with mechanical strength
and agglomeration problems. Recent studies of micro/nanoencapsulation and form-stable
composites are tabulated in Tables 5 and 6, respectively.

Table 6. Recent applications of form-stable composites PCMs.

Preparation Conplc;llllecrtlilzl?tl of Thermal Conductivity
PCM Carrier N})e thod Pure y of Encapsulated PCM Year Refs
PCM(W/(m.K)) (W/(m.£O)
Vacuum-
PEG 10000 Graphene Aerogel/ assisted 0.32 1.32 2020 [63]
Melamine Foam .
Impregnation
odecane xpanded graphite e . .
Dod Expanded graphi h:ﬁ‘l‘;f;f;n 0.14 2.2745 2019 [65]
Lauric Acid .
Stearic Acid Carbonized Vacuum 0.228 0.441 2019 [66]
Futectic Corn cob Impregnation
Halloysite
PEG 1000 NanoTube reinforced Vacuum 0.293 0.902 2019 [67]
with Ag Impregnation
nanoparticles
Polyurethane- In sit
Castor Oil Acrylate st - - 2019 [42]
Oligomer polymerization
Sepiolite and v m
m-Erythritol  Exfoliated Graphite acu 0.372 0.756 2020 [68]
nanoplatelets Infiltration
Epoxy Resin temI}_)Iﬁ:t_ure
PEG 6000 porcc:;: rﬁilgOg, blending and 0.393 2.54 2020 [69]
curing
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Table 6. Cont.

Preparation Conztiigil of Thermal Conductivity
PCM Carrier P ty of Encapsulated PCM Year Refs
Method Pure (W/m.K)
PCM(W/(m.K)) :
Acig—?’r;rlﬁitic Silica Xerogel/
. . Exfoliated Graphite Sol-gel 0.22 0.70 2020 [70]
Acid Eutectic
. nanoplatelets
eutectic
>  Carbon
black/calcium . .
carbonate Dispersion of
Lauric powder nanoincusions 0.042 0.268 2020 [71]
Acid-based >  MWCNTs/ in sonication 0.033 0.024
bath
calcium carbonate
powder
PEG 4000 Almond shell Biochar . /acuum 0.251 0.402 2018 [72]
impregnation

4.3.2. Enhancement of Thermal Conductivity with Nanoparticle Additives

The enhancement of thermal conductivity of PCMs can be efficiently achieved with
the fabrication of composite PCMs, which consist of the PCM material and a dispersion
of high-thermal-conductivity additives. The PCMs mostly enhanced are organic PCMs
such as paraffin, fatty acids, fatty acid ester, alcohols, and their eutectic mixtures. The
additives can be carbon-based nanostructures [73,74], metallic nanoparticles, or nonmetallic
nanoparticles. Besides the nature of the additives materials, the size, the shape, and the
aspect ratio are the main factors that define the thermal conductivity improvement.

Carbon-based materials, such as carbon fibers (CF), carbon nanotubes (CNTs), graphene,
graphite, and their derivatives, are widely being investigated for thermal conductivity
enhancement, with very promising results. Carbon-based materials can be used as addi-
tives directly in the organic PCM, or they can be added inside a composite PCM, such as a
form-stable PCM or a microcapsule, for further thermal conductivity improvement. CNTs’
disadvantage is agglomeration, and as a result, CNTs show limited dispersion ability inside
the PCM. This problem can be overcome with treatment of the CNTs, such as oxidation
or doping, which weakens the intramolecular forces. On the other hand, carbon fibers
show better dispersion ability, and they can be added efficiently without further treatment.
Addition of graphite particles can also achieve great enhancement, although graphene
nanoparticles are the most effective due to low interfacial thermal resistance and large
aspect ratio [45,74].

Metallic nanoparticles can also be used as additives for the enhancement of thermal
conductivity. The metallic nanoparticles that have been used are silver, copper, nickel, and
magnesium nanoparticles. All of these metallic additives enhance efficiency of the thermal
conductivity, but their practical use is limited because of a number of drawbacks that
they show, such as low dispersion due to high agglomeration, low thermal stability, and
high density [45,50].

Nonmetallic nanoparticles that can be added for thermal conductivity improvement
are alumina (Al,O3), magnetite (Fe30;,), titania (TiO;), mesoporous SiO,, aluminum nitride
(AIN), boron nitride (BN), etc. Nanoalumina particles improve the thermal conductivity,
and the heat transfer, and they reduce the supercooling effect, although nanoalumina,
along with titania, suffers from low dispersion problems [51]. Samaneh Sami and Nasrin
Etesami [75] controlled the aggregation of TiO, nanoparticles inside paraffin PCM by
adding the surfactant reagent stearoyl lactylate.
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4.3.3. Enhancement of Thermal Conductivity with Metallic Foams and Expanded Graphite

Another perspective for thermal conductivity enhancement is the fabrication of a
composite material consisting of the PCM and metallic foam as a carrier. Metallic foams
that have been used for this purpose are copper foam [76], nickel foam [77], and porous
graphite foam [78]. The composites can be prepared with vacuum infiltration or vacuum
impregnation. These structures have plenty of advantages, such as high thermal conductiv-
ity, high thermal and chemical stability, high porosity, low density, and high aspect ratio.
Their low density and high aspect ratio are the properties that make metallic foams prevail
over metallic nanoparticles. Taking into account that thermal conductivity depends on
the arrangement of the two components in the composite, it is mentioned that thermal
conductivity is higher when the porosity is low because there are less interfacial interac-
tions, and, as a result, the thermal resistance is lower. Although the energy storage capacity
is improved when the porosity is higher, it is highlighted that both of those effects have
to be considered for the optimization of the final material. Porous graphite and copper
foam composite PCMs exhibit higher thermal conductivity in comparison with nickel
foam composites [45].

Expanded graphite (EG) is a structure that comes from the oxidation and desiccation
of graphite that has all the desired properties to be used for enhancement of thermal
conductivity: chemical stability, high thermal conductivity, low density, and aspect ratio.
The fabrication of the form-stable composite PCM can be achieved by impregnation of
the molten PCM in the EG. The thermal conductivity of the composite depends on mass
fraction, packing density, aspect ratio, surface area, and thickness of EG. High mass fraction
and packing density leads to higher thermal conductivity [45,79,80].

5. Applications of PCMs in Buildings

In the past few decades, PCM technologies and the feasibility of their incorporation for
thermal energy storage in the building sector have been investigated thoroughly. Thermal
energy systems using PCMs are a sustainable and environmentally friendly solution that
can definitely diminish the required energy consumption for the provision of comfort
conditions of the building envelope. The PCM applications for thermal energy storage in
this sector are divided in two categories: active and passive systems [12,81].

Active application systems based on PCMs require mechanical equipment or a source
of additional energy for their operation, for example electricity to pumps or fans [82]. These
systems are more suitable for cases where there is need for more heat transfer performance
or better control of the application [64]. Active thermal storage systems with PCMs include
systems located inside the building envelope for heating, ventilation, and air conditioning
and systems that are integrated in the building structure and operating through air or water
distribution, as well as systems located outside the building envelope, such as storage
containers for domestic hot water, etc. [81,83]. On the other hand, passive application
systems aim to improve the thermal performance of the construction systems such as the
walls, the floor, the ceiling, etc. [84]. The most noteworthy passive applications of TES
systems in building are presented in this section.

5.1. PCM Passive Application Systems in Building

Passive application PCM systems exploit the naturally-available energy sources along
with the architectural design of building components to minimize the energy requirements
of building operations. The main characteristic of these systems is that there is no re-
quirement for mechanical equipment or additional energy, due to the fact that the heat is
charged or discharged only because of temperature fluctuations when the environment’s
temperature rises or falls beyond the PCM’s phase change temperature (Figure 4). Pas-
sive application PCM systems in the building sector can be classified as systems that are
integrated into the building materials, such as materials for the walls, the floor, the ceiling,
etc., and as systems that are implemented as components to the building envelope, such as
blinds, suspended ceilings, etc. [16].
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Figure 4. Charging process (working of PCM during daytime) and discharging process (working of
PCM during nighttime).

5.1.1. PCMs in Wall

The most general and effective solution for building energy saving is the incorporation
of PCM into constructional materials that are applied either to the internal or the external
surface of the walls. PCMs can be integrated into mortars, gypsum boards, concrete blocks,
bricks, and panels.

Mortars and Plasters

Mortars and plasters have been thoroughly investigated for PCM applications due
to their use as coating materials for most of the building surfaces, along with their ability
to have different compositions and their low cost. There are different kind of mortars,
depended on the binder, such as gypsum, lime, and cement mortars [14]. The research that
has been carried out about integration of PCMs in mortars and plasters is mostly about
encapsulated PCMs, which involve high costs. As Cunha et al. [85] reported, nonencap-
sulated PCMs incorporated into mortar do not cause any significant enhancement to the
mortar’s properties. On the other hand, there are many studies showing that encapsulated
PCMs into mortar and plaster have notable results for energy storage.

Sandra Cunha et al. [86] investigated the effects on mechanical, physical, and thermal
properties of four different innovative mortars, by the direct integration of pure PCM.
The physical and mechanical properties were affected, for example water absorption was
reduced and mechanical strength was significantly changed above 10% of PCM. Thermal
behavior amplifies in proportion with PCM amount. A total of 20% of PCM showed
very efficient thermal performance and mechanical properties suitable for interior mortar
application. Cynthia Guardia et al. [87] incorporated an encapsulated PCM to cement-lime
mortar and studied both its thermal and mechanical properties. The addition of 10%
and 20% of the PCMs remarkably increased the thermal properties for energy storage,
while decreased the mechanical properties within the permissible limits. Hamed Abbasi
Hattan et al. [88] studied the integration of polyethylene glycol (PEG) shape-stabilized
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in silica fume PCM in cement mortar for plastering building external brick walls. The
experiment included thermal performance tests on outdoor temperature walls in two
different cities. The thermal performance of the mortar was high, and the demands
could be fulfilled without incorporating an amount of PCM that could cause decrease in
mechanical strength, density, and water absorption.

Gypsum Boards

Another constructional element that can be used for TES are gypsum boards. The im-
plementation of PCM technology into gypsum boards has been studied since 1990 because
gypsum boards are low-cost and they are used widely in plenty of constructional appli-
cations. Srinivasaraonaik et al. [89] incorporated microencapsulated PCMs into gypsum
mixture for gypsum boards. The addition of PCMs caused reduction in the compressive
and flexural strength, while the porosity of the gypsum composites increased. As long
as it concerns the thermal properties, thermal conductivity of the gypsum composites
decreased in proportion with the amount of PCM incorporation. Similar results were
obtained from the integration of graphene oxide microencapsulated PCM composites [73].
Additionally, in another study, Juan Pablo Bravo et al. [90] modified gypsum boards with
a paraffinic microencapsulated PCM (20 wt%) and implemented a two-month enclosure
test. The results were analyzed in a computer simulation program and they showed that
microencapsulated PCMs with phase change temperature from 26.5 °C to 29.2 °C allow the
charge and discharge of the material and, thus, the provision of indoor thermal comfort.

Concrete Blocks and Bricks

Another technology that has been investigated is the incorporation of PCMs into
building elements such as concrete blocks and bricks. Vinh Duy Cao et al. [91] incor-
porated microencapsulated PCMs in Portland cement and in geopolymer concrete. The
results obtained from thermal and mechanical analysis show that latent heat capacity
increases, while thermal conductivity and compressive strength decreases, in propor-
tion with the conciseness of PCMs. The addition of 3.2 wt.% and 2.7 wt.% to Portland
cement and geopolymer concrete, respectively, can reduce the power consumption of
the building in 23 °C by 11% and 15%, respectively. PCMs can also be successfully in-
corporated in bricks. Rajat Saxena et al. [92] integrated eicosane and OM35 PCMs into
bricks. The results show an essential reduction of temperature fluctuation (4.5 °C to 7 °C)
between incorporated and conventional bricks. A recent study from Mahmudul Hasan
Mizan et al. [93] investigated the enhancement of interfacial bonding between concrete
and PCM. The experiment included the preparation of 36 specimens with different surface
preparation techniques each. The strength improvement was achieved by using silica fume.

PCM Panels and Wallboards

There are numerous applications of panels and wallboards of incorporated PCMs
with conventional construction materials. In addition, there has also been research for the
manufacturing of panels and wallboards of different materials, such as polymers [94,95]
and metals [96]. Hang Yu et al. [97] investigated the fabrication of diatomite-based
form-stable composite PCM wallboard for external building walls. Sayilacksha
Gnanachelvam et al. [98] studied the utilization of tree wallboards (gypsum plasterboard,
fiber cement board, and magnesium sulphate board) and a bio-PCM mat as fire resistant
wallboards for their application to light-gauge steel-framed (LSF) wall systems made of
cold-formed steel studs. Gypsum plasterboards provide better fire resistance that the
other wallboards, and fiber cement boards provided the lowest. Behzad Maleki et al. [99]
investigated the fabrication of plaster wallboards enhanced with nanocapsules with CuO
nanoparticles. The PCM plaster wallboard reduced the thermal load of building by 13.83%.
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5.1.2. Floor Applications

Building floors are another area where PCM technology can be applied for energy
saving by thermal regulation. The applications that have been investigated for floor
solutions are very varied. The addition of PCMs in the construction can be by adding a
single layer of PCM [100,101] or by adding a multilayer of different types of PCMs [102,103].
Additionally, another approach is the development of floor panels with capillary network
for PCM circulation [104], or the use of PCMs along with an electrical powered system
for diminishing the demanded energy consumption [105]. Finally, PCMs can also be
integrated in the raw materials used for construction, such as concrete [91]. Wanchun
Sun et al. [84] investigated the thermal performance of a double-layer PCM radiant floor
system containing two types of inorganic composite PCMs. The composites PCMs used
were NayHPO4012H,O@EG and CaCl,#6H,O@EG. During winter, the thermal comfort
lasted 2.2 times more than the reference room, which contained pebbles in the floor. During
the summer, the thermal comfort lasted 1.7 times more. In both cases, the system can
achieve shifting of the peak load. Shilei Lu et al. [86] studied the manufacturing of a PCM
floor heating system consisting of a double pipe with three different modules. Regardless
of the module, indoor thermal comfort was achieved. The average indoor temperature
fluctuation was 1.8-3.0 °C.

5.1.3. Ceiling Applications

The development of ceiling solutions based on PCM technology has also been a
field of research. There are many approaches for PCM ceiling applications, such as the
incorporation of PCM ceiling panels into the roof construction [106,107], the development
of ceiling panels with capillary network for PCM circulation [108], and the coupling of
PCM technology with other technologies [109,110]. Mariana Velasco-Carrasco et al. [106]
investigated the thermal performance of three different PCM blister panels for ceiling
tiles application. The PCM used was INERTEK 23. The PCM was incorporated in three
blister panels, two of which were enhanced with the addition of aluminum and steel
wool particles, respectively. The panels were embedded between the roof slabs. The
results obtained showed that the overall thermal performance of the aluminum- and steel-
wool-particle-enhanced panels was improved, especially in the case of steel wool particles.
Shilei Lu et al. [109] developed an innovative building cooling system of PCM ceiling
coupled with earth-air heat exchanger (EAHE). The evaluation of experimental methods
and data analysis indicated that indoor room temperature with this system could reduce
peak temperature by 2.1 °C under 8-h timed cold storage experiment and 2.7 °C under
12-h timed cold storage experiment. Hansol Lim et al. [110] proposed a PCM integrated
thermoelectric radiant cooling panel, which consists of thermoelectric modules, heat sinks,
insulation, and PCM layer between two aluminum panels. The PCM layer provides passive
cooling by freezing the PCM during the operation period for shifting the electrical load to
the off-peak period demand periods.

5.1.4. Windows and Glazed Applications

Modern building designs contain large, glazed areas such as windows, glazed facade,
and, sometimes, glazed roof, as they allow natural room lighting and vision, although
glazing materials have very poor thermal performance which leads to increased energy
consumption of the building. This indicates the necessity of expanding the PCM technolo-
gies for thermal energy storage to glazed materials also. Applications of PCM technology
in glazed materials has been investigated. Changyu Liu et al. [82] studied the optical and
thermal performance of a PCM-filled glazed unit in comparison with an air-filled glazed
unit. The thermal performance of the PCM filled unit was highly improved, although the
optical properties were degraded as the transparency was very low, especially when the
PCM was at the liquid phase. An important factor to this matter is the thickness of the PCM
in the glazed unit. Increased thickness improves the thermal performance but decreases
the transparency. In this study it was found that the thickness should not be more than 16
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mm in order to satisfy both thermal and optical demands. Corresponding study was held
in reference [111-113].

6. Conclusions

A thermal energy storage system is a type of a sustainable energy storage system
that is based on the utilization of materials that can store thermal energy when increasing
their temperature and release it when the temperature is reduced. Latent heat storage
systems using PCM are based on the absorption or release of heat that takes place during
the material’s phase transition (latent heat of fusion). There is a wide variety of compounds
that are used as phase PCMs. For building applications, solid-liquid PCMs are preferred
because of their ability to absorb and release large amounts of energy within a narrow
range of temperature. Solid-liquid PCMs utilized in buildings can be classified into three
major groups: organic compounds, inorganic compounds, and eutectics of organic and/or
inorganic compounds. Organic PCMs gather the most advantageous properties.

The fabrication of composite PCMs enhances the thermal conductivity, thermal sta-
bility, and heat transfer rate, as well as impedes the leakage of the liquid phase. The
encapsulated PCMs are composed of the core material (PCM) and the shell material, which
can be inorganic or organic. A core-shell composite can have single or several cores within
the capsule and multiple shells. The PCMs can be characterized by their size. The most
interesting encapsulated PCMs are microencapsulated and nanoencapsulated PCMs, as
the higher surface area per volume unit facilitates the thermal transfer and leads to better
thermal performance. Encapsulation can be achieved with physical, chemical, or physico-
chemical methods. The most widely-used methods for micro- and nanoencapsulation are
chemical methods, such as emulsion, interfacial, and suspension polymerization, and by
the physicochemical sol-gel technique.

Form-stable, or shape-stabilized, PCMs consist of a 3D matrix, or a porous structure,
where the pure PCMs are entrapped. In polymer-based form-stable PCM composites, the
PCM is entrapped inside a cross-linked polymer matrix. The synthesis of the polymer
matrix can be achieved with many different methods, providing structural diversity and, as
a result, the ability of fabricating a product with special specifications. Form-stable PCMs
can also be fabricated with inorganic mineral porous materials, as well as with expanded
graphite and perlite.

Thermal conductivity in a TES system is a very important factor for the efficiency
of energy storing and releasing. As a result, the enhancement of thermal conductivity
of PCMs is requisite. The improvement of thermal conductivity can be achieved with
encapsulation, addition of highly-thermal-conductive materials such as carbon-based
nanomaterials, metallic or inorganic nanoparticles, and the fabrication of form-stable PCM.

The application of TES systems in the building sector is a promising technology with
many advantages. TES systems applied in buildings can be either active or passive. Active
TES systems are characterized by forced convection heat transfer and, in some cases, also
mass transfer. On the other hand, passive TES systems aim to create or maintain comfort
conditions in the building, exploiting naturally-available energy sources, such as the solar
energy or the wind, along with architectural design of building components. The main
characteristic of these systems is that there is no requirement for mechanical equipment or
additional energy due to the fact that the heat is charged or discharged only because of
temperature fluctuations when the environment’s temperature rises or falls beyond the
PCM'’s phase change temperature.

Author Contributions: Conceptualization: C.V.P. and I.A.K.; methodology: C.V.P. and I.A.K,; soft-
ware: C.V.P. and I.A K,; validation: C.V.P. and I.A K,; formal analysis: C.V.P. and I.A.K; investigation:
C.VP. and I.A K,; resources: C.V.P. and I.A K,; data curation: I.A.K.; writing—original draft prepa-
ration: C.V.P. and L. A K.; writing—review and editing: . A.K. and C.A.C,; visualization: L A.K. and
C.A.C,; supervision: C.A.C.; project administration: C.A.C.; funding acquisition: C.A.C. All authors
have read and agreed to the published version of the manuscript.

173



Appl. Sci. 2021, 11, 1490

Funding: This research received no external funding.
Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: Data sharing not applicable.
Acknowledgments: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Sarbu, I.; Sebarchievici, C. A Comprehensive Review of Thermal Energy Storage. Sustainability 2018, 10, 191. [CrossRef]

2. Shchukina, EIM.; Graham, M.; Zheng, Z.; Shchukin, D.G. Nanoencapsulation of phase change materials for advanced thermal
energy storage systems. Chem. Soc. Rev. 2018, 47, 4156—4175. [CrossRef]

3. Drissi, S.; Ling, T.-C.; Mo, K.H.; Eddhahak, A. A review of microencapsulated and composite phase change materials: Alteration
of strength and thermal properties of cement-based materials. Renew. Sustain. Energy Rev. 2019, 110, 467-484. [CrossRef]

4. Cui, Y, Xie, J.; Liu, J.; Wang, J.; Chen, S. A review on phase change material application in building. Adv. Mech. Eng. 2017, 9.
[CrossRef]

5. Zhu, N, Li, S;; Hu, P; Wei, S.; Deng, R.; Lei, F. A review on applications of shape-stabilized phase change materials embedded in
building enclosure in recent ten years. Sustain. Cities Soc. 2018, 43, 251-264. [CrossRef]

6.  Nazir, H.; Batool, M.; Osorio, FJ.B.; Isaza-Ruiz, M.; Xu, X.; Vignarooban, K.; Phelan, P.; Kannan, A.M. Recent developments in
phase change materials for energy storage applications: A review. Int. J. Heat Mass Transf. 2019, 129, 491-523. [CrossRef]

7. de Gracia, A.; Cabeza, L.F. Phase change materials and thermal energy storage for buildings. Energy Build. 2015, 103, 414—419.
[CrossRef]

8.  Sharma, A ; Tyagi, V.V,; Chen, C.R; Buddhi, D. Review on thermal energy storage with phase change materials and applications.
Renew. Sustain. Energy Rev. 2009, 13, 318-345. [CrossRef]

9.  Keshteli, A.N.; Sheikholeslami, M. Nanoparticle enhanced PCM applications for intensification of thermal performance in
building: A review. J. Mol. Lig. 2019, 274, 516-533. [CrossRef]

10. Dirissi, S.; Ling, T.-C.; Mo, K.H. Thermal efficiency and durability performances of paraffinic phase change materials with
enhanced thermal conductivity—A review. Thermochim. Acta 2019, 673, 198-210. [CrossRef]

11. Leong, K.Y.; Rahman, M.R.A.; Gurunathan, B.A. Nano-enhanced phase change materials: A review of thermo-physical properties,
applications and challenges. J. Energy Storage 2019, 21, 18-31. [CrossRef]

12.  Aziz, N.A,; Amin, N.A.M.,; Majid, M.S.A.; Zaman, I. Thermal energy storage (TES) technology for active and passive cooling in
buildings: A Review. Matec Web Conf. 2018, 225, 03022. [CrossRef]

13. Khadiran, T.; Hussein, M.Z.; Zainal, Z.; Rusli, R. Advanced energy storage materials for building applications and their thermal
performance characterization: A review. Renew. Sustain. Energy Rev. 2016, 57, 916-928. [CrossRef]

14. da Cunha, SR.L.; de Aguiar, J.L.B. Phase change materials and energy efficiency of buildings: A review of knowledge. J. Energy
Storage 2020, 27, 101083. [CrossRef]

15. Kahwaji, S.; White, M. A. Edible Oils as Practical Phase Change Materials for Thermal Energy Storage. Appl. Sci. 2019, 9, 1627.
[CrossRef]

16. Souayfane, F,; Fardoun, F,; Biwole, P-H. Phase change materials (PCM) for cooling applications in buildings: A review. Energy
Build. 2016, 129, 396-431. [CrossRef]

17. Heier, ].; Bales, C.; Martin, V. Combining thermal energy storage with buildings—A review. Renew. Sustain. Energy Rev. 2015, 42,
1305-1325. [CrossRef]

18.  Ghadim, H.B.; Shahbaz, K.; Al-Shannagq, R.; Farid, M.M. Binary mixtures of fatty alcohols and fatty acid esters as novel solid-liquid
phase change materials. Int. J. Energy Res. 2019. [CrossRef]

19. Cabeza, L.F,; Castell, A; Barreneche, C.; de Gracia, A.; Fernandez, A.I. Materials used as PCM in thermal energy storage in
buildings: A review. Renew. Sustain. Energy Rev. 2011, 15, 1675-1695. [CrossRef]

20. Rodriguez-Cumplido, F.; Pabén-Gelves, E.; Chejne-Jana, F. Recent developments in the synthesis of microencapsulated and
nanoencapsulated phase change materials. J. Energy Storage 2019, 24, 100821. [CrossRef]

21. Milidn, Y.E.; Gutiérrez, A.; Grageda, M.; Ushak, S. A review on encapsulation techniques for inorganic phase change materials
and the influence on their thermophysical properties. Renew. Sustain. Energy Rev. 2017, 73, 983-999. [CrossRef]

22. Jamekhorshid, A.; Sadrameli, S.M.; Farid, M. A review of microencapsulation methods of phase change materials (PCMs) as a
thermal energy storage (TES) medium. Renew. Sustain. Energy Rev. 2014, 31, 531-542. [CrossRef]

23. Liu, H.; Wang, X.; Wu, D.; Ji, S. Morphology-controlled synthesis of microencapsulated phase change materials with TiO, shell
for thermal energy harvesting and temperature regulation. Energy 2019, 172, 599-617. [CrossRef]

24. Sari, A.; Bicer, A.; Alkan, C.; Ozcan, A.N. Thermal energy storage characteristics of myristic acid-palmitic eutectic mixtures

encapsulated in PMMA shell. Sol. Energy Mater. Sol. Cells 2019, 193, 1-6. [CrossRef]

174



Appl. Sci. 2021, 11, 1490

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

Sanchez, L.; Sanchez, P.; de Lucas, A.; Carmona, M.; Rodriguez, ].F. Microencapsulation of PCMs with a polystyrene shell. Colloid
Polym. Sci. 2007, 285, 1377-1385. [CrossRef]

Su, J.; Wang, L.; Ren, L. Fabrication and thermal properties of microPCMs: Used melamine-formaldehyde resin as shell material.
J. Appl. Polym. Sci. 2006, 101, 1522-1528. [CrossRef]

Dogiiscii, D.K.; Damlioglu, Y.; Alkan, C. Poly(styrene-co-divinylbenzene-co-acrylamide) /n-octadecane microencapsulated phase
change materials for thermal energy storage. Sol. Energy Mater. Sol. Cells 2019, 198, 5-10. [CrossRef]

Giro-Paloma, J.; Al-Shannaq, R.; Fernandez, A.L; Farid, M.M. Preparation and Characterization of Microencapsulated Phase
Change Materials for Use in Building Applications. Materials 2015, 9, 11. [CrossRef] [PubMed]

Alva, G,; Lin, Y,; Liu, L.; Fang, G. Synthesis, characterization and applications of microencapsulated phase change materials in
thermal energy storage: A review. Energy Build. 2017, 144, 276-294. [CrossRef]

Onder, E.; Sarier, N.; Cimen, E. Encapsulation of phase change materials by complex coacervation to improve thermal perfor-
mances of woven fabrics. Thermochim. Acta 2008, 467, 63-72. [CrossRef]

Su, W.; Darkwa, J.; Kokogiannakis, G. Review of solid-liquid phase change materials and their encapsulation technologies. Renew.
Sustain. Energy Rev. 2015, 48, 373-391. [CrossRef]

Liu, C.; Rao, Z.; Zhao, J.; Huo, Y,; Li, Y. Review on nanoencapsulated phase change materials: Preparation, characterization and
heat transfer enhancement. Nano Energy 2015, 13, 814-826. [CrossRef]

Kenisarin, M.M.; Kenisarina, K.M. Form-stable phase change materials for thermal energy storage. Renew. Sustain. Energy Rev.
2012, 16, 1999-2040. [CrossRef]

Alkan, C.; Sari, A. Fatty acid/poly(methyl methacrylate) (PMMA) blends as form-stable phase change materials for latent heat
thermal energy storage. Sol. Energy 2008, 82, 118-124. [CrossRef]

Sobolciak, P.; Karkri, M.; Al-Maadeed, M.A.; Krupa, I. Thermal characterization of phase change materials based on linear
low-density polyethylene, paraffin wax and expanded graphite. Renew. Energy 2016, 88, 372-382. [CrossRef]

Alkan, C.; Kaya, K,; Sari, A. Preparation, Thermal Properties and Thermal Reliability of Form-Stable Paraffin/Polypropylene
Composite for Thermal Energy Storage. J. Polym. Environ. 2009, 17, 254-258. [CrossRef]

Tang, B.; Wang, L.; Xu, Y.; Xiu, J.; Zhang, S. Hexadecanol/phase change polyurethane composite as form-stable phase change
material for thermal energy storage. Sol. Energy Mater. Sol. Cells 2016, 144, 1-6. [CrossRef]

Wang, L.; Meng, D. Fatty acid eutectic/polymethyl methacrylate composite as form-stable phase change material for thermal
energy storage. Appl. Energy 2010, 87, 2660-2665. [CrossRef]

Jin, X.; Li, J.; Xue, P; Jia, M. Preparation and characterization of PVC-based form-stable phase change materials. Sol. Energy Mater.
Sol. Cells 2014, 130, 435-441. [CrossRef]

Chen, P; Gao, X.; Wang, Y.; Xu, T.; Fang, Y.; Zhang, Z. Metal foam embedded in SEBS/paraffin/HDPE form-stable PCMs for
thermal energy storage. Sol. Energy Mater. Sol. Cells 2016, 149, 60-65. [CrossRef]

Senttirk, S.B.; Kahraman, D.; Alkan, C.; Gokge, I Biodegradable PEG/ cellulose, PEG/agarose and PEG/chitosan blends as shape
stabilized phase change materials for latent heat energy storage. Carbohydr. Polym. 2011, 84, 141-144. [CrossRef]

Wu, B.; Zhao, Y,; Liu, Q.; Zhou, C.; Zhang, X.; Lei, ]. Form-stable phase change materials based on castor oil and palmitic acid for
renewable thermal energy storage. |. Therm. Anal. Calorim. 2019, 137, 1225-1232. [CrossRef]

Lv, P; Liu, C; Rao, Z. Review on clay mineral-based form-stable phase change materials: Preparation, characterization and
applications. Renew. Sustain. Energy Rev. 2017, 68, 707-726. [CrossRef]

Umair, M.M.; Zhang, Y.; Igbal, K.; Zhang, S.; Tang, B. Novel strategies and supporting materials applied to shape-stabilize organic
phase change materials for thermal energy storage—A review. Appl. Energy 2019, 235, 846-873. [CrossRef]

Qureshi, Z.A.; Ali, HM.; Khushnood, S. Recent advances on thermal conductivity enhancement of phase change materials for
energy storage system: A review. Int. |. Heat Mass Transf. 2018, 127, 838-856. [CrossRef]

Salunkhe, P.B.; Shembekar, P.S. A review on effect of phase change material encapsulation on the thermal performance of a
system. Renew. Sustain. Energy Rev. 2012, 16, 5603-5616. [CrossRef]

Zhang, H.; Wang, X.; Wu, D. Silica encapsulation of n-octadecane via sol-gel process: A novel microencapsulated phase-change
material with enhanced thermal conductivity and performance. . Colloid Interface Sci. 2010, 343, 246-255. [CrossRef]

Harish, S.; Ishikawa, K.; Chiashi, S.; Shiomi, J.; Maruyama, S. Anomalous Thermal Conduction Characteristics of Phase Change
Composites with Single-Walled Carbon Nanotube Inclusions. J. Phys. Chem. C 2013, 117, 15409-15413. [CrossRef]

Lin, Y.; Zhu, C.; Fang, G. Synthesis and properties of microencapsulated stearic acid/silica composites with graphene oxide
for improving thermal conductivity as novel solar thermal storage materials. Sol. Energy Mater. Sol. Cells 2019, 189, 197-205.
[CrossRef]

Lin, S.C.; Al-Kayiem, H.H. Evaluation of copper nanoparticles—Paraffin wax compositions for solar thermal energy storage. Sol.
Energy 2016, 132, 267-278. [CrossRef]

Mohamed, N.H.; Soliman, ESS.; El Maghraby, H.; Moustfa, Y.M. Thermal conductivity enhancement of treated petroleum waxes,
as phase change material, by « nano alumina: Energy storage. Renew. Sustain. Energy Rev. 2017, 70, 1052-1058. [CrossRef]
Huang, X,; Lin, Y.; Alva, G.; Fang, G. Thermal properties and thermal conductivity enhancement of composite phase change
materials using myristyl alcohol/metal foam for solar thermal storage. Sol. Energy Mater. Sol. Cells 2017, 170, 68-76. [CrossRef]
Li, C,; Zhang, B.; Xie, B.; Zhao, X.; Chen, J.; Chen, Z.; Long, Y. Stearic acid/expanded graphite as a composite phase change
thermal energy storage material for tankless solar water heater. Sustain. Cities Soc. 2019, 44, 458—464. [CrossRef]

175



Appl. Sci. 2021, 11, 1490

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

Liu, Y.-D.; Zhou, Y.-G.; Tong, M.-W.; Zhou, X.-S. Experimental study of thermal conductivity and phase change performance of
nanofluids PCMs. Microfluid. Nanofluidics 2009, 7, 579-584. [CrossRef]

Akeiber, H.; Nejat, P.; Majid, M.Z.A.; Wahid, M.A; Jomehzadeh, F; Famileh, 1.Z.; Calautit, ] K.; Hughes, B.R.; Zaki, S.A. A review
on phase change material (PCM) for sustainable passive cooling in building envelopes. Renew. Sustain. Energy Rev. 2016, 60,
1470-1497. [CrossRef]

Xia, Y.; Cui, W,; Ji, R;; Huang, C.; Huang, Y.; Zhang, H.; Xu, F; Huang, P; Li, B.; Sun, L. Design and synthesis of novel
microencapsulated phase change materials with enhancement of thermal conductivity and thermal stability: Self-assembled
boron nitride into shell materials. Colloids Surf. A Physicochem. Eng. Asp. 2020, 586, 124225. [CrossRef]

Zhou, Y.; Li, C.; Wu, H.; Guo, S. Construction of hybrid graphene oxide/graphene nanoplates shell in paraffin microencapsulated
phase change materials to improve thermal conductivity for thermal energy storage. Colloids Surf. A Physicochem. Eng. Asp. 2020,
597,124780. [CrossRef]

Zhu, C; Lin, Y,; Fang, G. Preparation and thermal properties of microencapsulated stearyl alcohol with silicon dioxide shell as
thermal energy storage materials. Appl. Therm. Eng. 2020, 169, 114943. [CrossRef]

Wang, Z.; Ma, W.; Hu, D.; Wu, L. Synthesis and characterization of microencapsulated methyl laurate with polyurethane shell
materials via interfacial polymerization in Pickering emulsions. Colloids Surf. A Physicochem. Eng. Asp. 2020, 600, 124958.
[CrossRef]

Zhu, Y,; Qin, Y,; Liang, S.; Chen, K,; Tian, C.; Wang, J.; Luo, X.; Zhang, L. Graphene/SiO, /n-octadecane nanoencapsulated phase
change material with flower like morphology, high thermal conductivity, and suppressed supercooling. Appl. Energy 2019, 250,
98-108. [CrossRef]

Zhao, M.; Zhang, X.; Kong, X. Preparation and characterization of a novel composite phase change material with double phase
change points based on nanocapsules. Renew. Energy 2020, 147, 374-383. [CrossRef]

Zhu, Y,; Qin, Y.; Wei, C.; Liang, S.; Luo, X.; Wang, J.; Zhang, L. Nanoencapsulated phase change materials with polymer-SiO,
hybrid shell materials: Compositions, morphologies, and properties. Energy Convers. Manag. 2018, 164, 83-92. [CrossRef]

Liao, H.; Chen, W,; Liu, Y.; Wang, Q. A phase change material encapsulated in a mechanically strong graphene aerogel with high
thermal conductivity and excellent shape stability. Compos. Sci. Technol. 2020, 189, 108010. [CrossRef]

Su, J; Ren, L.; Wang, L. Preparation and mechanical properties of thermal energy storage microcapsules. Colloid Polym. Sci. 2005,
284,224-228. [CrossRef]

Song, Y.; Zhang, N.; Jing, Y.; Cao, X.; Yuan, Y.; Haghighat, F. Experimental and numerical investigation on dodecane/expanded
graphite shape-stabilized phase change material for cold energy storage. Energy 2019, 189, 116175. [CrossRef]

Zhang, W.; Zhang, X.; Zhang, X.; Yin, Z.; Liu, Y.,; Fang, M.; Wu, X,; Min, X.; Huang, Z. Lauric-stearic acid eutectic mix-
ture/carbonized biomass waste corn cob composite phase change materials: Preparation and thermal characterization. Ther-
mochim. Acta 2019, 674, 21-27. [CrossRef]

Song, S.; Qiu, E; Zhu, W,; Guo, Y,; Zhang, Y.; Ju, Y,; Feng, R.; Liu, Y.; Chen, Z.; Zhou, J.; et al. Polyethylene glycol/halloysite@Ag
nanocomposite PCM for thermal energy storage: Simultaneously high latent heat and enhanced thermal conductivity. Sol. Energy
Mater. Sol. Cells 2019, 193, 237-245. [CrossRef]

Tan, N.; Xie, T.; Feng, Y.; Hu, P; Li, Q.; Jiang, L.-M.; Zeng, W.-B.; Zeng, J.-L. Preparation and characterization of erythri-
tol/sepiolite/exfoliated graphite nanoplatelets form-stable phase change material with high thermal conductivity and suppressed
supercooling. Sol. Energy Mater. Sol. Cells 2020, 217, 110726. [CrossRef]

Wu, B.; Lao, D.; Fu, R;; Su, X,; Liu, H.; Jin, X. Novel PEG/EP form-stable phase change materials with high thermal conductivity
enhanced by 3D ceramics network. Ceram. Int. 2020, 46, 25285-25292. [CrossRef]

Tan, N.; Xie, T.; Hu, P; Feng, Y.; Li, Q.; Zhao, S.; Zhou, H.-N.; Zeng, W.-B.; Zeng, J.-L. Preparation and characterization of
capric-palmitic acids eutectics/silica xerogel /exfoliated graphite nanoplatelets form-stable phase change materials. J. Energy
Storage 2021, 34, 102016. [CrossRef]

Mishra, A.K.; Lahiri, B.B.; Philip, J. Carbon black nano particle loaded lauric acid-based form-stable phase change material with
enhanced thermal conductivity and photo-thermal conversion for thermal energy storage. Energy 2020, 191, 116572. [CrossRef]
Chen, Y.; Cui, Z.; Ding, H.; Wan, Y,; Tang, Z.; Gao, ]J. Cost-Effective Biochar Produced from Agricultural Residues and Its
Application for Preparation of High Performance Form-Stable Phase Change Material via Simple Method. Int. ]. Mol. Sci. 2018,
19, 3055. [CrossRef]

Zhang, Y.; Wang, K.; Tao, W,; Li, D. Preparation of microencapsulated phase change materials used graphene oxide to improve
thermal stability and its incorporation in gypsum materials. Constr. Build. Mater. 2019, 224, 48-56. [CrossRef]

Cheng, W.-L.; Li, W.-W.; Nian, Y.-L.; Xia, W.-d. Study of thermal conductive enhancement mechanism and selection criteria of
carbon-additive for composite phase change materials. Int. . Heat Mass Transf. 2018, 116, 507-511. [CrossRef]

Sami, S.; Etesami, N. Improving thermal characteristics and stability of phase change material containing TiO, nanoparticles after
thermal cycles for energy storage. Appl. Therm. Eng. 2017, 124, 346-352. [CrossRef]

Zheng, H.; Wang, C.; Liu, Q.; Tian, Z; Fan, X. Thermal performance of copper foam/paraffin composite phase change material.
Energy Convers. Manag. 2018, 157, 372-381. [CrossRef]

Hussain, A.; Tso, C.Y.; Chao, C.Y.H. Experimental investigation of a passive thermal management system for high-powered
lithium ion batteries using nickel foam-paraffin composite. Energy 2016, 115, 209-218. [CrossRef]

176



Appl. Sci. 2021, 11, 1490

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

102.

103.

104.

105.

Sedeh, M.M.; Khodadadji, ].M. Thermal conductivity improvement of phase change materials/graphite foam composites. Carbon
2013, 60, 117-128. [CrossRef]

Sari, A.; Karaipekli, A. Preparation, thermal properties and thermal reliability of palmitic acid/expanded graphite composite as
form-stable PCM for thermal energy storage. Sol. Energy Mater. Sol. Cells 2009, 93, 571-576. [CrossRef]

Tang, Y.; Lin, Y,; Jia, Y,; Fang, G. Improved thermal properties of stearyl alcohol/high density polyethylene/expanded graphite
composite phase change materials for building thermal energy storage. Energy Build. 2017, 153, 41-49. [CrossRef]
Gholamibozanjani, G.; Farid, M. A comparison between passive and active PCM systems applied to buildings. Renew. Energy
2020, 162, 112-123. [CrossRef]

Meng, E.; Cai, R.; Sun, Z.; Yang, ].; Wang, J. Experimental study of the passive and active performance of real-scale composite
PCM room in winter. Appl. Therm. Eng. 2021, 185, 116418. [CrossRef]

Song, M.; Niu, F; Mao, N.; Hu, Y,; Deng, S. Review on building energy performance improvement using phase change materials.
Energy Build. 2018, 158, 776-793. [CrossRef]

Cunbha, S.; Lima, M.; Aguiar, ].B. Influence of adding phase change materials on the physical and mechanical properties of cement
mortars. Constr. Build. Mater. 2016, 127, 1-10. [CrossRef]

Cunha, S.; Leite, P.; Aguiar, J. Characterization of innovative mortars with direct incorporation of phase change materials. |.
Energy Storage 2020, 30, 101439. [CrossRef]

Guardia, C.; Barluenga, G.; Palomar, I.; Diarce, G. Thermal enhanced cement-lime mortars with phase change materials (PCM),
lightweight aggregate and cellulose fibers. Constr. Build. Mater. 2019, 221, 586-594. [CrossRef]

Hattan, H.A.; Madhkhan, M.; Marani, A. Thermal and mechanical properties of building external walls plastered with cement
mortar incorporating shape-stabilized phase change materials (SSPCMs). Constr. Build. Mater. 2021, 270. [CrossRef]
Srinivasaraonaik, B.; Singh, L.P; Sinha, S.; Tyagi, I.; Rawat, A. Studies on the mechanical properties and thermal behavior of
microencapsulated eutectic mixture in gypsum composite board for thermal regulation in the buildings. J. Build. Eng. 2020, 31,
101400. [CrossRef]

Bravo, J.P.; Venegas, T.; Correa, E.; Alamos, A; Septlveda, F.; Vasco, D.A.; Barreneche, C. Experimental and Computational Study
of the Implementation of mPCM-Modified Gypsum Boards in a Test Enclosure. Buildings 2020, 10, 15. [CrossRef]

Cao, V.D,; Pilehvar, S.; Salas-Bringas, C.; Szczotok, A.M.; Rodriguez, J.F; Carmona, M.; Al-Manasir, N.; Kjeniksen, A.-L.
Microencapsulated phase change materials for enhancing the thermal performance of Portland cement concrete and geopolymer
concrete for passive building applications. Energy Convers. Manag. 2017, 133, 56—66. [CrossRef]

Saxena, R.; Rakshit, D.; Kaushik, S.C. Phase change material (PCM) incorporated bricks for energy conservation in composite
climate: A sustainable building solution. Sol. Energy 2019, 183, 276-284. [CrossRef]

Mizan, M.H.; Ueda, T.; Matsumoto, K. Enhancement of the concrete-PCM interfacial bonding strength using silica fume. Constr.
Build. Mater. 2020, 259, 119774. [CrossRef]

El Omari, K.; Le Guer, Y.; Bruel, P. Analysis of micro-dispersed PCM-composite boards behavior in a building’s wall for different
seasons. J. Build. Eng. 2016, 7, 361-371. [CrossRef]

Zhu, N; Liu, F; Liu, P; Hu, P; Wu, M. Energy saving potential of a novel phase change material wallboard in typical climate
regions of China. Energy Build. 2016, 128, 360-369. [CrossRef]

Meng, E.; Yu, H.; Zhou, B. Study of the thermal behavior of the composite phase change material (PCM) room in summer and
winter. Appl. Therm. Eng. 2017, 126, 212-225. [CrossRef]

Yu, H; Li, C.; Zhang, K.; Tang, Y.; Song, Y.; Wang, M. Preparation and thermophysical performance of diatomite-based composite
PCM wallboard for thermal energy storage in buildings. J. Build. Eng. 2020, 32, 101753. [CrossRef]

Gnanachelvam, S.; Ariyanayagam, A.; Mahendran, M. Fire resistance of LSF wall systems lined with different wallboards
including bio-PCM mat. J. Build. Eng. 2020, 32, 101628. [CrossRef]

Maleki, B.; Khadang, A.; Maddah, H.; Alizadeh, M.; Kazemian, A.; Ali, HM. Development and thermal performance of
nanoencapsulated PCM/ plaster wallboard for thermal energy storage in buildings. J. Build. Eng. 2020, 32, 101727. [CrossRef]
Entrop, A.G.; Brouwers, H.J.H.; Reinders, A.H.M.E. Experimental research on the use of micro-encapsulated Phase Change
Materials to store solar energy in concrete floors and to save energy in Dutch houses. Sol. Energy 2011, 85, 1007-1020. [CrossRef]
Royon, L.; Karim, L.; Bontemps, A. Optimization of PCM embedded in a floor panel developed for thermal management of the
lightweight envelope of buildings. Energy Build. 2014, 82, 385-390. [CrossRef]

Sun, W.; Zhang, Y.; Ling, Z.; Fang, X.; Zhang, Z. Experimental investigation on the thermal performance of double-layer PCM
radiant floor system containing two types of inorganic composite PCMs. Energy Build. 2020, 211, 109806. [CrossRef]

Ansuini, R.; Larghetti, R.; Giretti, A.; Lemma, M. Radiant floors integrated with PCM for indoor temperature control. Energy
Build. 2011, 43, 3019-3026. [CrossRef]

Lu, S.; Xu, B.; Tang, X. Experimental study on double pipe PCM floor heating system under different operation strategies. Renew.
Energy 2020, 145, 1280-1291. [CrossRef]

Lin, K;; Zhang, Y;; Xu, X.; Di, H.; Yang, R; Qin, P. Experimental study of under-floor electric heating system with shape-stabilized
PCM plates. Energy Build. 2005, 37, 215-220. [CrossRef]

Velasco-Carrasco, M.; Chen, Z.; Aguilar-Santana, J.L.; Riffat, S. Experimental Evaluation of Phase Change Material Blister Panels
for Building Application. Future Cities Environ. 2020, 6. [CrossRef]

177



Appl. Sci. 2021, 11, 1490

106.

107.

108.

109.

110.

111.

112.

113.

Pasupathy, A.; Athanasius, L.; Velraj, R.; Seeniraj, R.V. Experimental investigation and numerical simulation analysis on the
thermal performance of a building roof incorporating phase change material (PCM) for thermal management. Appl. Therm. Eng.
2008, 28, 556-565. [CrossRef]

Griffiths, PW.; Eames, P.C. Performance of chilled ceiling panels using phase change material slurries as the heat transport
medium. Appl. Therm. Eng. 2007, 27, 1756-1760. [CrossRef]

Lu, S; Liang, B.; Li, X,; Kong, X.; Jia, W.; Wang, L. Performance Analysis of PCM Ceiling Coupling with Earth-Air Heat Exchanger
for Building Cooling. Materials (Basel) 2020, 13, 2890. [CrossRef]

Lim, H.; Kang, Y.-K_; Jeong, ].-W. Application of a phase change material to a thermoelectric ceiling radiant cooling panel as a
heat storage layer. J. Build. Eng. 2020, 32, 101787. [CrossRef]

Liu, C; Wu, Y;; Zhu, Y,; Li, D.; Ma, L. Experimental investigation of optical and thermal performance of a PCM-glazed unit for
building applications. Energy Build. 2018, 158, 794-800. [CrossRef]

Ismail, K.A.R.; Henriquez, J.R. Thermally effective windows with moving phase change material curtains. Appl. Therm. Eng.
2001, 21, 1909-1923. [CrossRef]

Silva, T.; Vicente, R.; Amaral, C.; Figueiredo, A. Thermal performance of a window shutter containing PCM: Numerical validation
and experimental analysis. Appl. Energy 2016, 179, 64-84. [CrossRef]

Fokaides, P.A.; Kylili, A.; Kalogirou, S.A. Phase change materials (PCMs) integrated into transparent building elements: A review.
Mater. Renew. Sustain. Energy 2015, 4, 1-13. [CrossRef]

178



MDPI
St. Alban-Anlage 66
4052 Basel
Switzerland
Tel. +41 61 683 77 34
Fax +41 61 302 89 18

www.mdpi.com

Applied Sciences Editorial Office
E-mail: applsci@mdpi.com
www.mdpi.com/journal/applsci

Z

MDPI

F






MDPI

St. Alban-Anlage 66
4052 Basel
Switzerland

Tel: +41 61 683 77 34

www.mdpi.com

ISBN 978-3-0365-5061-9



	Cover-front.pdf
	Book.pdf
	Cover-back.pdf

